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ABSTRACT 
This dissertation involves the addition of silica nanoparticles to a lightly 
crosslinked, model epoxy resin and investigates the effect of nanosilica content and 
particle size on glass transition temperature (Tg), coefficient of thermal expansion 
(CTE), Young's modulus (E), yield stress (), and fracture toughness. This study aims 
to understand the influence of silica nanoparticle size, bimodal particle size 
distribution and silica content on the toughening behavior. The toughening 
mechanisms were determined using scanning electron microscopy (SEM), 
transmission electron microscopy (TEM) and transmission optical microscopy 
(TOM).   
The approach identifies toughening mechanisms and develops a toughening 
model from unimodal-particle size systems first, then extends these concepts to 
various mixtures micron- and nanometer-size particles in a similar model epoxy. 
 The experimental results revealed that the addition of nanosilica did not have 
a significant effect on Tg or the yield stress of epoxy resin, i.e. the yield stress and Tg 
remained constant regardless of nanosilica particle size. As expected, the addition of 
nanosilica had a significant impact on CTE, modulus and fracture toughness. The 
CTE values of nanosilica-filled epoxies were found to decrease with increasing 
nanosilica content, which can be attributed to the much lower CTE of the nanosilica 
fillers. Interestingly, the decreases in CTE showed strong particle size dependence. 
The Young's modulus was also found to significantly improve with addition of 
nanosilica and increase with increasing filler content. However, the particle size did 
  2 
not exhibit any effect on the Young’s modulus. Finally, the fracture toughness and 
fracture energy showed significant improvements with the addition of nanosilica, and 
increased with increasing filler content. The effect of particle size on fracture 
toughness was negligible. Observation of the fracture surfaces using SEM and TOM 
showed evidence of debonding of nanosilica particles, matrix void growth, and matrix 
shear banding, which are credited for the increases in toughness for nanosilica-filled 
epoxy systems.  
Epoxy containing mixtures of two different size distributions of silica particles 
(42 m and 23 nm-170nm particles) was explored for possible multiplicative 
toughening effect and to further understand the particle-epoxy interactions and 
toughening mechanisms of bimodal particle size distribution systems. The fracture 
toughness was improved by approximately 30% compared to that of the epoxy 
containing only one particle size of silica particles.  The toughness improvement from 
the interaction of particle debonding from large particles and plastic void growth from 
small particles was clearly observed. The improvement in toughness occurred when 
the volume fraction ratio of the large and small particles was more than 50:50 ratios. 
The increased toughness was found to be additive not multiplicative effect. 
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CHAPTER 1 
INTRODUCTION AND OBJECTIVES 
1.1 INTRODUCTION 
When inorganic particles, such as silica particles, are added to epoxy resins, a 
two-phase microstructure of randomly dispersed silica particles in a continuous epoxy 
matrix is obtained. Both physical and mechanical properties of the corresponding 
epoxy matrix can be improved due to the inherent properties of the silica particles. 
Various mechanisms have been proposed to explain these enhanced properties. For 
fracture toughness, these mechanisms include crack pinning/bowing, crack deflection, 
microcracking and crack bridging.  
Based on the crack pinning concept proposed by Lange et al. [1] and 
developed by Evans et al. [2] and Green et al. [3], the inorganic particles act as 
pinning points that stop crack propagation Hence, the increased toughness can be 
expected by this mechanism. According to the modified crack pinning theories, the 
line energy or the stress for crack extension depends on the ratio of particle size and 
inter-particle spacing, where this ratio is a function of particle volume fraction. 
Therefore, the theories predict that larger particles are more effective toughening 
agents.  
For the crack deflection toughening proposed by Faber and Evans [4], when 
the crack front approaches particles, it is tilted and twisted out of its original plane. 
This results in an increased fracture surface roughness due non-planar cracks, 
consequently resulting in an increase in fracture toughness. Furthermore, the model 
  4 
proposed by Faber and Evans predicts no particle size effect on the toughness of 
composites.  
In the microcracking concept [2], the increased toughness is caused by the 
formation of secondary cracks in front of the crack tip due to the presence of rigid 
particles. The strain energy is absorbed due to the creation of new surfaces and 
particle debonding, and thus, the debonding process effectively provides increase in 
toughness. This occurrence suggests that the model predicts increasing toughness 
with increasing particle sizes.  
According to the assumptions of those toughening mechanisms, the ability to 
stop the crack by pinning/bowing and crack deflection can only be effective if the 
particles are larger than the crack opening. Therefore, for particles with smaller sizes 
than the crack opening, it has been observed that these toughening mechanisms were 
ineffective.  
Only a few toughening mechanisms have been suggested for epoxies filled 
with nanometer size inorganic particles. Johnsen et al. [5] observed nanoparticle 
debonding and subsequent void growth on fracture surfaces of epoxy-silica 
nanocomposites and suggested that plastic void growth was the major toughening 
mechanisms for epoxy/silica nanocomposites. Ma et al. [6] observed a thin dilation 
zone created by stresses concentrated on the surrounding areas of the silica 
nanoparticles which is formed by differences in Young’s modulus and Poisson’s ratio 
between epoxy and silica. However, matrix shear yielding was not observed.  
  5 
Liang and Pearson [7] argued that the plastic void growth is not the only 
mechanism for toughening by rigid nanoparticles in epoxy matrix. They observed 
shear yielding near the crack tip region for epoxies filled with silica nanoparticles. 
Moreover, the increased fracture toughness was found to be dependent on the plastic 
zone size near the crack tip region and followed the Irwin formalized plastic zone 
model. The matrix shear yielding has been taken into consideration in calculating the 
dissipated energy responsible for the increased toughness in silica nanoparticle filled 
epoxy. However, an overestimation between the prediction and experiment was 
observed, and several adjustable parameters were used. Hsieh et al. [24] later 
modified the plastic void growth model from Johnsen’s study [5] and included the 
contribution energy from both shear banding and plastic void growth. They 
experimentally observed that only small fraction of nanoparticles has ability to 
debond and initiate plastic void growth. By taking this into consideration, a 
reasonable agreement was observed. However, the model cannot quantify which 
toughening mechanism dominates in nanosilica filled epoxy resin.   
As mentioned previously, matrix plastic void growth and matrix shear 
banding have been revealed as the major toughening mechanisms in silica 
nanoparticle filled thermosets, however, our understanding of these mechanisms is far 
from quantitative. Therefore, a fundamental understanding of these mechanisms 
warrants additional studies. The overarching objective of this doctoral dissertation is 
to advance the fundamental understanding of modifying the mechanical properties of 
epoxy resin using silica nanoparticle with an emphasis on fracture toughness. 
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This chapter reviews the basics of filled epoxies including the use of fracture 
mechanics to quantify the fracture toughness, a description of toughening approaches, 
and an overview of toughening mechanisms. The influence of the type of epoxy resin, 
particle size, filler content, and toughening mechanisms will be evaluated. This 
review will provide the general concepts of using nanosilica as toughening agent in 
epoxy resins, detail the developing trends in recent studies and establish the basis for 
the dissertation.  This review will also illustrate why the toughening mechanisms for 
different particle size distributions cannot be generalized to all filler systems. 
1.1.1 Motivation 
 
Epoxy resins are regularly used in high performance applications including 
coatings, electrical, aerospace and adhesives [8, 9].  The microelectronics industry, 
which is a field of interest for the authors, widely uses epoxy resins in many of their 
materials and products. Epoxies are often used as underfill adhesives for electronic 
assembly for integrated circuits (IC), transistors and hybrid circuits [8, 10]. Figure 1 
schematically provides an example of electronic assembly using epoxy resins as 
underfill materials to bond electronic components to circuit board substrates by flip-
chip process [10]. To attach the flip chip onto a circuit board, the silicon chip is 
mounted face down and electrically and mechanically connected to a substrate by a 
solder reflow process. Then, an underfill adhesive is applied in between the substrate 
and the chip to provide a stronger mechanical connection to ensure that the solder 
joints are not stressed due to mismatch in CTE of chip and the substrate. The cured 
epoxy resins are excellent electrical insulators and protect electrical components from 
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short-circuiting, dust and moisture. Furthermore, epoxy adhesive bonding also 
provides light-weight, but strong and stiff materials. Finally, the epoxy resin provides 
relatively high modulus and strength so that a load-bearing joint is formed.  
One limitation of epoxy resins in such high performance applications is the 
inherent brittle nature of the materials. Many approaches have been used to toughen 
epoxy systems through the use of additives such as liquid rubbers, core-shell 
particles, inorganic fillers, thermoplastic phases, and combinations of the above. 
However, there are limitations in using such additives.  For example, the use of 
rubber particles to improve fracture toughness often involves a trade off, the 
reduction in yield stress and glass transition temperature [11]. Inorganic fillers can 
improve toughness but often reduce the elongation to break [2]. 
Among the inorganic fillers, silica particles have gained attention in 
toughening epoxy resins for the electronics packaging industry. Improvements in 
other mechanical properties such as stiffness and strength have also been found by 
incorporating silica particles. Furthermore, to alleviate thermal-mechanical stress on 
the solder joints, epoxy resin can be used as an underfill material as mentioned above. 
In practice, electronic packages are often subjected to thermal stresses caused by the 
mismatch in the coefficients of thermal expansion (CTE) between the silicon chip and 
organic substrate. To reduce thermally induced stresses and to increase the durability 
lifetimes of electronic packages, the addition of fillers with particle sizes ranging 
from tens of microns to tens of nanometers is often employed in underfill materials. 
Because of the exceptionally low CTE of silica particles and ability to improve the 
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fracture toughness without sacrificing the mechanical behavior of epoxy resin, silica 
particles has widely been introduced into an epoxy matrix [10].  
For conventional applications, the average size of the silica fillers used in 
underfill materials is in the range of micrometers [8]. Since the underfill is applied the 
placement of the IC chip, conventional fillers with micron size have a great 
propensity of being entrapped between the solder bumps on the chip and the contact 
pads of the substrate. The trapped fillers prevent solder wetting on contact pads and 
thus significantly reduce the solder joint yields. Another problem related to the 
underfill containing conventional sized silica is that it becomes opaque at high filler 
loading due to light scattering. This opaque characteristic introduces difficulty in the 
chip placement since the underfill covers the bond pads on the substrate. Therefore, 
nano-sized silica has been introduced as an alternative filler to overcome these 
limitations. Researchers have found that the nanosilica in the size region of 100-150 
nm do not tend to settle in the resin and the resulting nanocomposite material has a 
better wetting behavior than the conventional underfill with filler size ranging from 1 
to 7 microns [10]. Furthermore, in order to achieve the optimum property for micron-
sized fillers, relatively high filler content of ~60-70 wt% are often required. For 
nanosized particles, on the other hand, a relatively low filler contents is needed to 
obtain the same performance as micron-sized particles.  
It can be seen that the nanosilica filled composite is a promising material as 
underfill in flip-chip application. However, as the filler size decreases into the nano 
level, mechanical and thermal mechanical properties of the composite change 
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significantly. In addition, the filler-filler and filler-polymer interactions have a 
profound impact on the material properties. The purpose of this dissertation is to 
achieve an in-depth understanding in the effect of the filler size and different particle 
size distribution on material properties and therefore to provide guidance for the 
design of nanocomposite in underfill applications.  
 
Figure 1. Schematic diagram of electronic assembly using epoxy resins as underfill 
materials to bond electronic components to circuit board substrates by flip-chip 
process. Redrawn from reference [10]. 
 
1.2 OVERVIEW OF EPOXY RESINS 
1.2.1 Epoxy resins  
 
Epoxy resins are monomeric compounds characterized by a presence of three-
membered rings, known as epoxides or oxirane groups in the structure. These resins 
are often low molecular weight molecules that contain one or more epoxy groups per 
molecule. Unfortunately the term “epoxy resins” is often used to describe both the 
unreacted monomer and the resulting polymer. Epoxy resins can be polymerized with 
a curing agent to form a three-dimensional crosslinked network. Most cured epoxy 
resins possess favorable properties, including excellent chemical, moisture, corrosion, 
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and heat resistance, as well as favorable thermal, adhesive, and electrical 
characteristics[12-14].   
The most widely employed epoxy resins are based on the diglycidyl ether 
derivatives of bisphenol A (DGEBA), which will be used throughout this dissertation. 
DGEBA is the reaction product of epichlorohydrin and bisphenol A as shown in the 
Figure 2 [13].   
 
Figure 2. Synthesis of DGEBA by epichlorohydrin and bisphenol A [13].  
The pure monomeric form of DGEBA is a crystalline solid with a melting 
point of 43 
o
C and an epoxide equivalent weight (EEW) of 170 g/eq. The most 
common commercial DGEBA resins are viscous liquids with viscosities of 11,000-
16,000 mPa-s at 25 
o
C, and EEW of 182-192. Such resins contain a small amount of 
dimers to inhibit crystallization. The outstanding performance characteristics of 
DGEBA originate from the bisphenol A group which provides toughness and rigidity, 
the ether linkages which give chemical resistance, and the hydroxyl and epoxide 
groups which provide adhesive properties and reactivity with wide ranges of chemical 
curing agents [13, 14]. DGEBA resins are commercially available with molecular 
weights from several hundreds g/mole to tens of thousands g/mole.  
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1.2.2 Curing of epoxy resins 
 
Epoxy resins are converted into three-dimensional thermosetting networks 
when cured with cross-linkers or hardeners. The degree of crosslinking can be 
controlled by the chemical structure of the curing agents and the cure conditions. 
There are many types of curing agents including amines, amides, anhydrides, 
carboxylic acids, imidazoles [13-15]. Selection of the specific curing agent depends 
on the properties and processing characteristics desired. Curing agents used for room 
temperature cure are normally aliphatic amines, and higher temperature hardeners 
usually consist of aromatic amines or anhydrides. In general, high temperature cured 
epoxy systems have better properties, such as higher glass transition temperatures 
(Tg), strength and stiffness, as compared to those cured at lower temperatures. For the 
reader’s interest, various types of curing agent and final properties of cured resin can 
be found in references 13-15.  
The curing reaction of epoxy resins involves opening of the oxirane ring and 
formation of covalent bonds between molecules. One of the most important classes of 
curing agents is the amine-based curing agent, which will be used in this work.  The 
functionality and reactivity of an amine-based curing agent can be determined by the 
number of hydrogen atoms attached to the nitrogen atoms. A primary amine consists 
of two hydrogen atoms which will react with two epoxy groups where each hydrogen 
atom is replaced by a primary bond to the epoxy containing molecule. A secondary 
amine, which consists of one hydrogen atom, will react with only one epoxy group. 
Since a tertiary amine group contains no active hydrogen atoms, it will not directly 
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react with the epoxy group but will act as a catalyst to promote ring opening 
reactions. An example of the reaction mechanism for the primary amine with an 
epoxy group is shown below.   
 
Figure 3. Reaction mechanism of amine curing agent with an oxirane group using a 
primary amine. Redrawn from reference [13] 
 
 Figure 3 shows a simplified cure reaction scheme of an epoxy resin with a 
primary amine hardener, where larger complex amines could consist of combinations 
of one or more reactions. The first reaction illustrates the addition of a primary amine 
to an epoxide group, forming a linear or branched polymer and resulting in the 
formation of a hydroxyl group and a secondary amine.  The latter further reacts with 
available epoxide groups until the primary amine groups are consumed. The second 
reaction shows the crosslinking through the addition of secondary amines with epoxy 
groups, where the macromolecules form a three-dimensional network.  
There is a side reaction called etherification, which is commonly found for 
resins cured with tertiary amines. When the stoichiometry is not balanced or when the 
temperature is too high, the hydroxyl groups will react with an epoxide group, 
forming an ether linkage and additional hydroxyl group. When the branched 
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structures extend throughout the whole system, the gel point is reached. At this point, 
the crosslinked resin does not dissolve in a suitable solvent of the parent resin. Cured 
epoxy resin results in tightly cross-linked networks that exhibit high strength and 
hardness but has limited flexibility and toughness.  
In addition to the choices of epoxy resins, curing agents, and cure condition, 
the stoichiometric ratio of epoxy/curing agent is another significant factor affecting 
the network structure and performance. Theoretically, a crosslinked polymer is 
obtained when equimolar quantities of resins and hardener are combined, however, in 
practice epoxy formulations can be optimized for performance rather than to 
complete stoichiometric cures. If the amount of curing agent used is substantially less 
than the theoretical amount of amine, the resin will not cure completely and the 
desired properties will not be reached. For primary and secondary amines cured 
systems, the hardeners are normally used in near stoichiometric ratio (0.5 of curing 
agent to 1 epoxy ratio for primary amines cured system and 1:1 ratio for secondary 
amines cured systems).  
The curing agent studied in this work is piperidine, which is a secondary 
amine, and cured at high temperature, but follows a combination of amine addition 
(reaction II) and etherification (reaction III) for the curing reaction. An epoxy 
network that is ductile and has high improvement in fracture toughness will be 
obtained. More details on piperidine cured epoxy are provided in the following 
section. 
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1.2.3 Piperidine cured epoxy 
 
The chemical structure of piperidine (Pip) curing agent is shown in Figure 4. 
Piperidine is a heterocyclic amine consisting of a six-member ring of five CH2 
(methalene) units and one N (nitrogen) atom. Since there is only one H donor atom 
that can react with epoxy resin, each secondary amine group is capable of reacting 
with one epoxide group. Piperidine can be used as curing agent for adhesives and 
coatings. Generally, amines based curing agents provide a durable and chemical 
resistant epoxy. For piperidine, the ring feature provides better water/moisture 
resistance and better chemical resistance. This behavior appears to be associated with 
the lower water uptake tendency of homopolymerized resins due to their lower 
hydroxyl group concentration [16]. 
 
Figure 4. Chemical structure of piperidine curing agent [17] . 
 
Piperidine is considered as a catalyzing curing agent [18] and the reaction of 
an epoxy resin with piperidine as curing agent is depicted in Figure 5 [19].  The 
initiation step is led by amine addition, occurring between the secondary amine (-NH) 
and the epoxide group according to the following reaction  
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Figure 5. Reaction mechanism of piperidine curing agent with an oxirane group.  
Redrawn from reference [17]. 
This reaction produces a tertiary amine with strongly hydrophillic hydroxyl 
groups (-OH). For non-stoichiometric formulations with excess epoxy monomer, the 
epoxy resin with hydroxyl groups will lead to the formation of ether groups. This 
propagation reaction continues until all the epoxy groups are consumed. Finally, 
homopolymerization reactions can be catalyzed by sterically hindered tertiary amines 
leading to a crosslinked epoxy network. The homopolymerization taken place during 
curing process allows generating polyether chains with flexible networks [16]. 
Therefore, an epoxy network associated with piperidine cured exhibits low crosslink 
density and a low glass transition temperature.  
The properties of epoxy resin with piperidine curing agent can be varied with 
processing conditions or by the use of different hardener-to-monomer ratios [20].  It 
has been observed that crosslink density for epoxy-silica composite based on 
piperidine was dependent on cure conditions [7].  For low temperature cure, the 
highly crosslink epoxy was obtained, while at high temperature cure, the lightly 
crosslink epoxy was observed.  The network epoxy with piperidine cured was often 
found to use with rubber reinforcement because it provide relatively high 
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improvement in fracture energy [16]. More details on the effect of matrix ductility on 
the fracture behavior of epoxy will be discussed in Section 1.4.2.4.  
1.2.4 Stress-Strain Behavior of Epoxies 
 
 The stress-strain behavior for a ductile thermosetting resin such as a lightly 
crosslinked epoxy is similar to the stress-strain behavior of a ductile thermoplastic 
polymer [12, 14, 21].  Figure 6 shows a tensile stress plotted against strain for a 
typical ductile polymer. Initially, stress is linearly proportional to the strain until it 
reaches the yield point. At the early stages of deformation, most epoxies appear to be 
pseudo-elastic and the Young’s modulus can be obtained from the initial slope. As the 
strain is increased, the slope decreases and often reaches zero as the stress reaches a 
local maximum. This maximum point is conventionally known as the yield point or 
yield stress. In practice, the yield point is considered as the onset of plastic 
deformation. The stress gradually decreases beyond the yield point, a phenomenon 
known as strain softening (which is important to shear band formation). The 
toughness can be evaluated by the area under the stress-strain curve which is the work 
expended in deforming the material. Most ductile polymers exhibit large plastic 
deformation and the more ductile epoxy is, the larger the plastic deformation region.  
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Figure 6.  Typical stress-strain curve for ductile polymer.  
An important factor that affects the stress-strain behavior of an epoxy is cross-
link density. The matrix ductility of epoxy resin is strongly dependent on cross-linked 
structure [22]. Figure 7 is a plot of stress-strain relationships for epoxy resin with 
different cross-link densities. The plot exhibits broad features near the yield stress, 
followed by strain-softening where the stress decreases as the strain further increases. 
This strain-softening then followed by strain-hardening region until fracture occurs. 
Epoxy resin with higher crosslink density (which possesses lower matrix ductility) 
will exhibit higher yield stress than that with lower crosslink density (which possesses 
higher matrix ductility) as well as exhibit a smaller area-under-the-curve value of 
strain-strain curve. The lower ductility is due to limited large-scale cooperative 
conformational rearrangements of the polymer backbone. Therefore, ductile epoxy 
Yield Point Plastic Deformation 
Failure 
Pseudo-Elastic Deformation 
Strain 
Stress 
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can be expected to exhibit large area-under-the-curve value value of stress-strain 
curve as shown in Figure 7. 
It has been reported that matrix ductility is an important parameter to toughen 
epoxy when modifiers are added. The improvement in toughness of epoxy resin 
usually decreases with the increase of cross-link density. This reduction is attributed 
to a lack of post-yield deformability which is related to the ability of the matrix to 
form shear bands (matrix toughenability) [20].  Yee and Lee [23] has also reported 
the dependence of shear banding in epoxy toughening mechanisms induced by glass 
beads solely on the crosslink density and not the size of the glass beads.  
Not all epoxies are ductile and behave as described, which will be discussed in 
greater detail in the following section. Epoxy with piperidine cured behaves slightly 
different when a strengthened microstructure produced by piperidine curing agent, 
where the piperidine plays an important role in stress-strain behavior. In addition, the 
plastic deformation state depends on the molecular architecture of the network as well 
as the chemical composition.  Since epoxy resins are crosslinked materials, by 
changing crosslink density invariably produces a change in the chemistry of the 
system.  
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Figure 7. Stress-strain curves of unmodified epoxy with different cross-link density 
(molecular weight between crosslinks (Mc). Reproduced from reference [24]. 
 
1.2.5 Stress-Strain Behavior of Piperidine Cured Epoxy 
 
As mentioned previously, most cross-linked polymers such as epoxy exhibit 
similar stress-strain behavior to that of ductile polymer. However, not all epoxies are 
ductile and behave as described. Epoxy resins cured with different types of the curing 
agent have been shown to exhibit different stress-strain behavior [22]. Figure 8 shows 
the difference in stress-strain behavior of the two epoxies with different curing 
agents, namely piperidine and 4,4′-diamino-3,3′-dimethyldicyclohexylmethane 
(3DCM). The stress-strain curve of the DGEBA-piperidine epoxy shows a significant 
strain-softening effect immediately after yield point. On the other hand, the DGEBA-
3DCM epoxy does not undergo strain-softening, but rather strain hardening effect at 
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relatively small strains where the stress continues to increase steadily with strain 
beyond the yield point [22]. The difference is due to the influence of the chemical 
structure on the large deformation behavior [16]. The oxygen atom present in 
polyether chains of DGEBA-piperidine can act as a hinge in the network structure, 
enabling different conformations of neighboring groups. This structure facilitates 
chain orientation and extension to large strains at relatively low stresses (strain-
hardening in the epoxy-piperidine matrix is observed at large strains) [11, 25].  
This strain-softening effect is very important for toughenability of epoxy 
resin. Generally epoxy that exhibits strain-softening effect usually results in a 
decrease in tensile strength and hardness while ductility increases as discussed in the 
previous section. This phenomenon occurs because during strain-softening, polymer 
more readily undergoes plastic deformation. Therefore it can generate deformation 
mechanisms that can increase fracture toughness beyond the expected increase 
produced by the lower yield stress [26]. These deformation mechanisms generally 
involve localized shear bands [11, 25].  
In addition, the stress-strain behavior of epoxy polymers is often found to be 
different in loading condition such as tensile, compressive and shear loading [27]. 
Epoxy resins exhibit more ductility in compression than in tension and undergo 
considerable plastic deformation in pure shear. To avoid any inconsistencies, the 
loading condition investigated in this dissertation for stress-strain behavior is tensile 
test. Furthermore, the stress-strain behavior of polymers is strongly strain-rate 
dependent where the yield stress usually increases with increasing strain rate.  In this 
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dissertation, the effect of strain rate on toughnenability will not be considered and all 
tensile tests will be performed at fixed strain rate.  
 
 
 
Figure 8. Stress-strain curves obtained in uniaxial compression tests of neat epoxy; 
(a) DGEBA-3DCM, (b) DGEBA-PiP. The residual strain, plotted as a function of the 
initial strain enables the determination of the yield stress. Reproduced from reference 
[22].  
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1.3 OVERVIEW OF LINEAR ELASTIC FRACTURE MECHANICS (LEFM)  
 
Fracture mechanics is the study of the resistance to the crack growth and 
relates the amount of stress required to propagate a pre-existing crack in a material. 
Since the occurrence of cracks or flaws is hard to avoid, flaws are commonly present 
in materials. In order to quantify the relationship between applied stress and crack 
size, a linear elastic fracture mechanics (LEFM) approach is followed. LEFM can 
quantify the value of fracture toughness by either an energy-balance or stress intensity 
approach, which are described below [28-30]. 
1.3.1 The energy balance approach 
 
The energy-balance approach was first proposed by Griffith [29] in the 1920s. 
He developed the concept where a crack or flaw that causes a stress concentration 
will propagate if the total energy of the system is lowered with crack propagation. 
The fracture starts at this point, and then the crack continues to propagate 
catastrophically. If the change in elastic strain energy resulting from crack extension 
is larger than the energy required to create a new crack surface, crack propagation 
will occur. The total energy of the system is described by: 
               (1) 
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Where U is the elastic strain energy and Uo is the energy in creating new crack 
surface, 2a is the length of the crack, σ is applied stress, E is the Young’s modulus, 
and e is the elastic surface energy. The concept was initially formulated for and is 
limited to brittle materials. 
In the 1940’s, Irwin [31] extended the theory for ductile materials that 
dissipate energy due to plastic deformation. Orowan [32] proposed the use of a plastic 
surface energy, p, term to the energy balance equation and suggested that the plastic 
deformation is the dominating energy term in ductile materials.  The elastic surface 
energy term is often negligible compared to the energy associated with plastic 
deformation. Furthermore, Irwin [31] defined a quantity, G, or the strain energy 
release rate or crack driving force, as the total energy observed during crack growth 
per unit crack area and per unit thickness as shown in Equation: 
      (2) 
where  R is the crack resistance. The fracture will occur when G reaches a critical 
value that is higher than the crack resistance (R) for both brittle and relative ductile 
materials with plastic deformation. This concept is referred to as the strain energy 
balance approach.  
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1.3.2 The stress intensity factor approach 
 
Another approach to examine the fracture toughness of the material is the 
stress intensity factor method [33-35], which is based on stress distributions around 
the crack tip. Before proceeding to consider the stress analysis of cracked bodies, it is 
important to point out the basic modes of crack tip loading. There are generally three 
basic modes of crack tip deformation as illustrated in Figure 10 Mode I (opening 
mode) fracture is the opening or tensile mode where crack plane is normal to the 
direction of the tensile loading. Mode II (sliding mode) and Mode III (tearing mode) 
are in-plane shear and out-of-plane tearing mode, respectively. The difference 
between Mode II and III is that the shearing direction in the former case is normal to 
the crack front in the plane of the crack while the shearing direction in Mode III is 
parallel to the crack front. In reality, a crack can be loaded in any one of these three 
modes, or as a combination of these three modes.  
 
 
Figure 9.  Basic modes of fracture (a) opening mode, (b) sliding mode, and (c) tearing 
mode. Redrawn from reference [35].  
 
(a) Mode I (b) Mode II (c) Mode III 
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Stress intensity in any mode situation is directly proportional to the applied load on 
the material. In this study, Mode I will be discussed since it is the predominant 
loading mode in most engineering applications. The stresses around the crack tip for 
opening Mode I are [35]:  
    (3) 
where a is the distance from the crack tip and  is the angle to the point from the 
crack plane. The KI is a very important parameter known as stress intensity factor 
where the subscript I is used to denote the crack opening mode. The KI generally 
depends on the applied stress (), crack size (a), and the geometry: 

KI Y a       (4) 
where Y is the geometry factor for a crack system in relation to applied load. 
Normally, the value of Y has been computed for various geometries and can be found 
in the reference books [33-35]. The fracture will occur when the KI reaches critical 
value known as KIC. If a very sharp crack can be made in a material, the minimum 
value of stress intensity can be determined, which is the critical value of stress 
intensity required to propagate the crack. In this study, a single-edge notch bend 
(SENB) geometry will be used to determine the KIC value and a specimen shape 
factor (Y) can be expressed: 
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where Pf is the load (N), and S, t and w are the span, thickness (cm), and width of the 
specimen, respectively. The relationship for critical energy release (GIC) rate and 
critical stress intensity factor (KIC) can be expressed as follows where  is the 
Poisson’s ratio:  
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 , for plane strain (triaxial stress condition) (6) 
1.3.3 Plastic zone size at crack tip 
The toughness of a material defined as the resistance to crack growth is ruled 
by the energy absorbed while the crack grows forward. For brittle materials, such as 
glass studied by Griffith [29], the toughness is the energy of tearing the chemical 
bonds along the crack plane. However, in tougher materials, such as polymers, bond 
rupture plays a small role in resisting crack growth where most of fracture energy is 
associated with plastic flow near the crack tip. The measured fracture energy is 
related to the elastic energy needed to separate the two surfaces plus the plastic 
energy consumed during separation. This plastic energy plays an important role in the 
fracture process of the materials, thus the fracture energy can be related to the amount 
of plastic deformation. It is well known that the plastic deformation will occur at the 
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crack tip as a result of the high stresses that are generated by the sharp stress 
concentration.   To determine the extent of plastic zone near the crack tip, Irwin [31] 
presented a model assuming the material is perfectly elastic-plastic shown in Figure 
10. Irwin equated the yield strength to the y-direction stress along the x-axis and 
solved for the radius. The distance r along the x-axis can be determined by using Eq.2 
with  = 0 and the elastic stress (y) at the crack tip is 
      (7) 
where r is the distance from the crack tip. As a result of stress redistributions around 
the crack tip, the plastic zone diameter (ry) for the plane stress condition is estimated 
to be: 
                   (for plane stress)     (8) 
For the condition of plane strain, due to Poisson’s effect, a maximum constraint 
conditions exist and consequently the plastic zone size is smaller than that developed 
under plane stress conditions. The plastic zone size has been estimated to be: 
   (for plane strain)      (9) 
It can be seen that the plastic zone size increases as the stress intensity is increased 
either by raising the stress or by crack lengthening. Note that, LEFM can be applied 
only when  
 
     (10)
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Where B and a are thickness of a specimen and crack length, respectively. For 
polymers with high toughness and low yield strength, it is impractical to make 
specimens that properly constrain the crack. Therefore, LEFM characterizations 
cannot be used. However, there are several approaches based on Elastic Plastic 
Fracture Mechanics (EPFM) that can be used to determine the fracture toughness of 
these types of polymers that will not be covered in this dissertation.  For more 
detailed information, the reader is referred to references by Ward [36], Hertzberg 
[35], and Kinloch [37].   
 
Figure 10. A schematic model of the plastic zone and the stresses ahead of the crack 
tip region according to Irwin’s prediction. Adapted from reference [35]. 
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1.4 OVERVIEW OF TOUGHENED EPOXIES  
1.4.1 Toughening epoxies  
As mentioned before, the main drawback of crosslinked epoxy systems are 
their considerable brittleness, low impact strength and fracture resistance (associated 
with their highly cross-linked structure). In order to modify cured resin properties, 
various methods are utilized to improve the fracture toughness. Based on the 
structure-property relationships, the traditional chemistry approaches have been 
chemical modification of a given rigid epoxy backbone to a more flexible backbone 
structure; lowering the crosslink density by increasing the molecular weight of the 
epoxy monomers and/or decreasing the functionality of the curing agents [38].  
The most common approach to toughen epoxies is the incorporation of a 
second phase in the epoxy matrix [39]. For example, soft rubbery particles are often 
found to be the most successful approach to toughen epoxies, however, the main 
drawback of using such modifiers is the reduction in modulus and glass transition 
temperature [11, 40]. Unlike rubber particles, rigid fillers have been found to be 
effective toughening agents for thermosetting resins without the loss of modulus and 
Tg [6, 41, 42]. Although they do not increase the toughness as dramatically as rubber 
particles, the elastic modulus and hardness are much higher than rubber-modified 
versions. Several investigators had shown that silica and alumina trihydrate can 
improve the toughness of epoxy resins while contributing to a greatly enhanced 
modulus [1, 6, 41]. This review will focus on the use of the particulate fillers of SiO2 
over a range of particle sizes to modify the fracture toughness, Young’s modulus, and 
thermal properties of epoxy resin.  
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1.4.2 Factors influencing the toughness of filled epoxies  
 
 Various factors have been reported to influence the toughness of filled epoxy 
resins.  Such factors include the particle size or particle loading, type of epoxy matrix, 
and the effect of bonding strength between filler and matrix.  The following 
paragraph will be discussed on how these factors affect toughness of filled epoxy 
resin.   
1.4.2.1 Effect of particle size 
 The effect of particle size on fracture toughness has been studied by many 
researchers [1, 7, 43-46]. However, there are discrepancies on the role of particle size, 
which are still under debate and are not well understood. One of the early effort on 
this subject area is from Lange and Radford, who studied the alumina trihydrate 
(ATH) filled epoxies by using a double-cantilever-beam (DCB) technique [1]. Figure 
11 shows the fracture toughness as a function of volume fraction for three different 
particle sizes of alumina trihydrate powder (2 m, 8 m, and 12 m). They showed 
that as the particle sizes increases, the fracture energy also increase but the higher 
particle volume fraction does not necessarily lead to higher toughness. The maximum 
toughness was found at approximately 22 vol% of ATH fillers.   
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Figure 11. Effects of particle size and volume fraction on the fracture toughness of 
alumina trihydrate powder filled polymer. Reproduced from reference [1].  
 Nakamura et al [45] also studied the effect of particle size on the fracture 
behavior of epoxy resin.  Five different kinds of spherical silica particles with particle 
size ranging from 2-42 µm were investigated. Both fracture energy and fracture 
toughness were found to increase with increasing particle size of silica particles 
within the range of their study. The increase in fracture toughness studied using SEM 
on the fracture surface was attributed to crack path deflections around the large 
particles.   
 For composites with micron-sized particles, it has been shown that the fracture 
toughness is strongly dependent on the particle size. By increasing the particle size, 
the fracture toughness also increases. However, when the particle size is in the 
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nanometer range, a different behavior is observed [5, 7, 43]. Figure 12 shows the 
fracture toughness of composites plotted against volume fraction of fillers, with the 
particle diameter of 240 nm, 560 nm, and 1.56 µm for spherical silica filled epoxy 
composites [43]. The fracture toughness was found to increase monotonically with 
filler content, which is also more pronounced for smaller particles. The rate of 
increase was largest for the smallest particle diameter (240 nm).  
 
 
Figure 12.  Effect of particle size and volume fraction on fracture toughness for a 
silica particles filled epoxy resin. Reproduced from reference [43]. 
 Zhang et al [41] suggested that the improved properties of composites are 
based on the interfacial area between the silica particle surface and polymer matrix. 
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Therefore, by decreasing the filler content or decreasing the size of the particle, the 
inter-particle distance becomes small enough to dominate the property of the 
composite. According to Zhang, the smaller nanoparticles are more efficient in 
toughening than the larger nanoparticles.  
 A recent study by Liang and Pearson [7] on the effect of particle size on 
toughening mechanisms has been reported for silica filled epoxy. Two different  silica 
nanoparticles were studied with diameters of nominally 20 nm and 80 nm each. There 
was no noticeable difference in fracture toughness or fracture energy observed within 
this range of particle size. In The increased fracture toughness was attributed to 
matrix-particle debonding and matrix shear yielding mechanisms. 
This brief overview clearly shows that particle size can have an important 
effect on the toughness of filled epoxies. Toughness can be increased or reduced by 
changing particle size (direction depends on size range). There appears to be a critical 
particle size above which there is an increase in toughness with increasing particle 
size. Yet when the particle size is below this critical value, an increase in fracture 
toughness is observed with decreasing particle size. Such results can be explained by 
considering the different toughening mechanisms induced by these two different 
ranges of particle size, which will be discussed in the Section 1.5. 
1.4.2.2 Effect of particle content  
 The effect of particle content on fracture behavior has also been studied by 
several investigators [7, 44]. Figure 11 shows that fracture energy is strongly 
depending on particle content.  For the particle size of 8 µm and 12 µm, the results 
  34 
indicated that at low particle content (up to 20 vol%) there is a strong enhancement of 
the fracture toughness. However, a different trend was obtained at volume fraction 
above 20 vol% where the toughness decreases with further increase in particle 
loading. A similar observation had been reported on other polymer systems, for 
example, for CaCO3 (particle size of 0.6 µm) filed HDPE where the impact toughness 
reaches a maximum value at ~20 vol% and decreases with higher filler content [47]. 
In epoxy matrix containing alumina nanoparticles with an average particle size of 13 
nm, the Charpy impact toughness was also found to be monotonically increased with 
the particle loading up to 2 vol% then slightly drop, but the value was still higher than 
that of neat resin [48].  The fracture energy of glass beads filled epoxy was 
additionally found to have an optimal for maximum effect [43]. For 560 nm and 1.56 
µm particle sizes shown in Figure 12, it was shown that maximum toughness was 
found at volume fraction of 0.2 and the value was found to stay constant with more 
glass beads added, while with the particle size of 240 nm, the fracture toughness was 
found to monotonically increase with filler content. Some investigators have 
attributed the maximum effect found at high volume fraction of fillers due to the 
particle agglomeration [49]. Most studies postulated the effect based on experimental 
observations only. Zhang et al. [50], on the other hand, used a different approach by 
studying the correlation between interparticle distance and the corresponding property 
improvement based on the nanocomposites which is given by  
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τ is the interparticle distance, φp is the filler content and d is the particle diameter. 
According to Zhang [50], it is suggested that all properties (Young’s modulus, 
fracture toughness and energy) increases more dramatically with a further reduction 
of the interparticle distance. In other words, by increasing filler content, the 
interparticle distance decreases, and therefore, improved fracture toughness can be 
expected. However, the correlation assumes ideal dispersed fillers composites. 
General explanations about the effects have not been clear not only because of the 
particle size, but the volume fraction of the particle has been very different in these 
studies. 
1.4.2.3 Effect of particle-matrix interfacial adhesion 
The interfacial adhesion between particle-matrix is also found to have 
significant effect on fracture behavior of composites. In thermosetting matrices such 
as epoxy, Kawaguchi and Pearson [51, 52] studied the fracture behavior of glass 
beads filled epoxies using SEN-3PB tests. See Figure 13. They found that fracture 
toughness was highest for poorly bonded particles. Similar observation has also been 
reported by other investigators [53, 54] who used coupling agents to increase particle-
matrix adhesion and did not observe enhanced toughness. This is because the crack 
growth is dominated by the failure of the matrix and interfacial bonding between 
matrix-particle contributes very little to the overall toughness. Therefore, improving 
the interfacial adhesion may actually decrease toughness. Kawakuchi and Pearson 
[51] observed that improved toughness was due to the shear yielding of the matrix 
enhanced by poor adhesion of the matrix-particle interface.  
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In contrast for thermoplastic matrix, for Nylon 6/silica nanocomposite, the 
fracture behavior is somewhat different. Ou et al. [55] studied the effect of surfaced 
treatment of silica particles on the impact resistance. The silica particles (50nm-110 
nm) were treated by amino-butyric acid to enhance particle-matrix adhesion. For 
treated silica nanoparticles, improved impact fracture toughness with particle loading 
was observed. Interestingly, composites with untreated silica particles exhibited 
decreases in impact toughness with increasing in particle loading. The beneficial 
effect on toughness of surface treated of inorganic fillers in thermoplastic matrices 
had also been observed by another group [56]. Untreated particles decrease the 
toughness whereas treated particles provided the improved toughness as well as 
particle dispersion.  
1.4.2.4 Important of inherent matrix ductility 
 The importance of matrix ductility on fracture toughness for epoxy-silica 
composites has also been studied. Lee and Yee [23] studied the role of matrix 
ductility on the fracture of glass bead filled epoxies. They observed that the fracture 
toughness of glass bead filled epoxies increased as the matrix ductility increased. The 
increase of the toughening effect is due to the increase of the debonding zone size in 
epoxy-silica composites. This debonding of glass beads can also trigger diffuse shear 
yielding which results in shear banding. Therefore, an increase in fracture toughness 
can be expected. These results are supported by work from Liang and Pearson [57]. 
However, the studies by these latter authors slightly differ from Lee and Yee [23] in 
that much smaller particles (nanoparticles) were used and the crosslink densities in 
the epoxies were controlled by cure conditions. Table 1 shows the results of the 
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toughening efficiency in epoxy-nanosilica composite. The highest improvement in 
fracture toughness is found when epoxy is cured at 160 
o
C for 6 hours for DGEBA 
cured piperidine. In the current investigation, this cure condition will be used to 
investigate the toughening mechanism for epoxy-silica composite in order to obtain 
the maximum toughness.   
 
 
Figure 13. Fracture toughness of glass bead filled epoxies. Filled dots are results 
before moisture exposure (strong adhesion). Open dots are results after moisture 
exposure (poor adhesion). After moisture exposure, the KIC tends to exhibit a 
maximum at 10 vol%. Reproduced from reference [51]. 
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Table 1. Crosslink densities and the relative improvements of fracture toughness 
under different curing schedules [7].  
 
Cure 
Schedule 
Tg  
(
o
C) 
Gr  
(MPa) 
Mc    
(g/ mol) 
KIC(composite) 
(MPa*m 
0.5
) 
KIC(neat epoxy) 
 (MPa*m
0.5
) 
KIC(composite)/  
KIC (neat epoxy) 
80 
o
C for 
24hrs  
89.8 9.50 359 2.36±0.07 1.11±0.13 1.64 
120 
o
C 
for 16hrs  
91.3 5.91 574 1.56±0.09 0.84±0.04 1.82 
160 
o
C 
for 6hrs  
82.0 2.17 1536 1.13±0.07 0.67±0.09 2.13 
 
1.5 TOUGHENING MECHANISMS AND MODELS FOR EPOXY 
CONTAINING SILICA PARTICLES  
1.5.1 Toughening mechanisms/models for epoxy containing micron-sized silica 
particles  
Toughening mechanism for epoxies containing micron-size silica particles has 
been thoroughly studied, while pinpointing the toughening mechanisms in 
nanocomposite materials remains a challenge. Unmodified epoxies are usually single-
phase and brittle. When rigid particles are added into the epoxy matrix, it provides 
multi-phase systems and the fracture toughness can be greatly increased. Rigid 
particles as a second phase can help the matrix respond to the triaxial stresses present 
near the crack tip. Several possible toughening mechanisms have been proposed to 
explain the improved toughness in nanosilica filled epoxy resin. These toughening 
mechanisms include crack-pinning (bowing) mechanism [58], particle bridging 
mechanism [59], microcracking mechanism [2, 60], crack deflection [2, 61], and 
diffused matrix shear yielding (shear banding) [23, 62]. Although some or all of these 
processes may occur in micron-sized composites, only a few of these mechanisms are 
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responsible for the increased toughness in epoxy-nanosilica composites. The 
following discussion considers some important aspects of these toughening 
mechanisms.  
1.5.1.1 Crack pinning and bowing 
Crack pinning (bowing) mechanism proposed by Lange [58]  suggested that 
rigid particles can act as pinning points while the crack propagates through the matrix 
during fracture and dissipates in energy as shown in Figure 14 . The model predicts 
the increased fracture of composites as; 
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where KC is the fracture toughness of modified epoxy composite, K0 is the fracture 
toughness of unmodified epoxy, C is surface-to-surface obstacle spacing, and dp is the 
diameter of the particles. The crack pinning mechanism is also known as the “line 
tension effect” and can be identified by the presence of bowing lines on the fracture 
surface. In many studies, the crack pinning mechanism is considered as a major 
toughening mechanism for micron-sized spherical particles. According to Lange’s 
concept, it was found that by decreasing the spacing between the particle (increasing 
filler content) and their size will increase the toughening effect. However, this model 
can only quantitatively predict the experimental data by Lange and Radford [63] for 
epoxy-alumina trihydrate composite at low filler content. At high filler content, the 
model exhibits a maximum non-linear increase of fracture toughness which implies 
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that there may be another mechanism which competes with crack pinning at high 
filler contents. However, the crack pinning mechanism was found to be generally less 
important in ductile materials [64].   
 
Figure 14. Schematic of crack pinning and bowing toughening model. 
1.5.1.2 Particle bridging 
Particle bridging mechanism was studied by Rose [65] and was initially used 
to explain the maximum in toughness at high volume fraction as seen by Lange and 
Radford’s experiment [63]. Particle bridging mechanism occurs when the particles 
span the crack wake and provide the surfaces tractions which can effectively reduce 
the stress intensity factor (K) at the crack tip and enhance the toughness of the 
material. Both crack pinning and crack bridging mechanism are thought to occur 
concurrently, and based on this assumption, the model exhibits satisfactory prediction 
with Lange’s data.   The fracture toughness of composites is stated as: 
     (13) 
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where Kc  and K0 are the fracture toughness of glass filled epoxy and neat resin, 
respectively. 2s is the surface-to-surface obstacle spacing, 2r is the diameter of the 
particles,  is the center-to-center obstacle spacing, KL is a limiting stress intensity 
factor that specifies the failure of the trailing end of the reinforced zone, and F1 is an 
interpolating function constructed to reproduce the correct asymptotic expansions for 
soft springs and for hard springs. The value of KL/K0 ratio can be used as an 
adjustable parameter to fit the experimental data. The model predicts that the size of 
the particle affects the increased energy needed to stop the crack propagation. The 
improvements in toughness should be greater when larger particles are used.  
1.5.1.3 Microcracking 
In the microcracking concept [2], the increased toughness is caused by the 
formation of secondary cracks in front of the crack tip due to the presence of rigid 
particles. The schematic of microcracking mechanism is shown in Figure 15. The 
strain energy is absorbed due to the creation of new surfaces and particle debonding. 
The debonding process lowers the modulus and stress intensity near the crack tip and 
provides an increase in toughness. This model was originally developed to predict the 
fracture toughness for the system that the particles are not well bonded to the polymer 
matrix. The fracture toughness is given by 
         (14) 
where JC is the fracture toughness of the modified epoxy, J0 is the fundamental 
fracture toughness of unmodified epoxy, f is the volume fraction of particle, E is the 
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Young's modulus of composite, σy is yield stress of the composite, and R is the radius 
f the glass sphere. Interestingly, this occurrence suggests that the model predicts 
increasing toughness with decreasing particle sizes which has the opposite particle 
size effect to that of the pinning and bridging models. 
 
Figure 15. Schematic of microcracking model. 
1.5.1.4 Crack path deflection  
Crack path deflection was first studied by Faber and Evans[4] and later 
investigated by Kitey and Tippur [66, 67] based on microscopic observations. In the 
crack path deflection mechanism, the crack front tilts and twists when it encounters 
the particles and then proceeds around the particles as indicated in Figure 16. This 
change in crack direction causes an increase the fracture roughness and causes the 
crack to grow under modes I (opening) and II (sliding). SEM can be used to verify the 
evidence of crack path direction mechanism by its fracture surfaces. The increased 
fracture toughness from this mechanism is given by 
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where KC is the fracture toughness of modified epoxy composite, K0 is the 
fracture toughness of unmodified epoxy, Ec is the Young’s modulus of modified 
epoxy, E0 is the Young’s modulus of unmodified epoxy, and Vf is the volume fraction 
of spheres. Note that the crack path deflection consider the fracture toughness as a 
function of volume fraction but does not consider the particle size of reinforcement .  
 
Figure 16. Schematic of crack path deflection model. 
1.5.1.5 Localized shear yielding (shear banding) 
Another toughening mechanism is localized shear yielding or shear-banding 
mechanism. The shear banding mechanism was originally found in rubber-modified 
epoxy resin [68-70]. It involves dilational deformation of the matrix and the 
cavitations of rubber particles in response to the triaxial stresses near the crack tip, 
and combined with shear yielding between the holes formed by the cavitations of 
rubber particles. The schematic of localized shear yielding is shown in Figure 17. The 
major energy absorption mechanism is attributed to the plastic deformation of the 
matrix where plastic deformation blunts the crack tip, reduces the local stress 
concentration, and allows the material to support higher loads before failure occurs. 
The localized shear yielding can be experimentally observed thorough TOM 
micrographs under polarized light. The size of shear banding can be theoretically 
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predicted by Irwin equation [31]. However, in micron-sized silica filled polymers, 
several authors had unsuccessfully used the model to predict their experimental 
results [53, 71]. They attributed the discrepancy to the fact that the model considers 
the shear yielding mechanism as the only deformation mechanism in the process 
zone. Clearly, in rigid particle filled polymers, other deformation mechanisms such as 
microcracking or particle debonding should also be considered. There can always be 
a combination of those toughening mechanisms in the process zone. The evidence of 
shear banding in glass sphere modified epoxy system had been experimentally 
confirmed by Lee and Yee [72]. However, the quantitative prediction of fracture 
toughness from this mechanism based on glass sphere filled polymers has not been 
thoroughly studied.   
 
Figure 17. Schematic of localized shear yielding model. 
In many studies at the micro- and nano-scale level, crack-pinning (bowing) 
mechanism, particle bridging mechanism, microcracking mechanism, and crack 
deflection are considered the major toughening mechanisms for micron-sized 
spherical particles. However, they gave unsatisfactory results in predicting composite 
toughness in nanosized spherical particles. Recent studies by Johnsen et al. [5] and 
Liang et al. [57] indicated that these mechanisms are unlikely to be responsible for 
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the increased toughness in epoxy-nanosilica composites. To date, only debonding 
process with subsequent void growth and shear banding mechanism are thought to be 
attributed for increased toughness in the epoxy-silica nanocomposite system. 
Therefore, the following discussions will mainly focus on these toughening 
mechanisms. 
1.5.2 Toughening mechanisms/models for epoxy containing nano-sized silica 
particles  
The toughening mechanisms that are considered to be responsible for 
increased toughness in nanosilica modified epoxies are the debonding of nanosilica 
particles followed by void growth and induced shear yielding of the matrix [5, 7, 41, 
50, 73-75]. Figure 18 shows a schematic illustrating the modes of deformation in 
silica nanoparticle-toughened polymers where the process usually exists ahead of the 
crack tip inside the plastic zone [73]. This plastic deformation response at the onset of 
non-linearity in the stress-strain curve (strain-softening region). 
 
Figure 18. Particle debonding with subsequent plastic void growth and matrix shear 
yielding within the process zone. Redrawn from reference [73].  
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1.5.2.1 Particle debonding with subsequent void growth mechanism 
Particle debonding is an important process that enables plastic void growth to 
occur in the polymer matrix [5, 41, 50]. The presence of silica nanoparticles causes 
the stress concentrations in the region between the particles and results in the 
debonded particles at the particle-matrix interface. This process largely depends on 
the degree of interfacial adhesion that is attained at the particle-matrix interface. 
Although the growth of voids or debonding in nanoparticles may dissipate a little 
energy, this process more importantly enables plastic void growth in the matrix to 
occur, which results in more dissipated energy and increases fracture resistance.  
1.5.2.2 Shear banding mechanism 
The characteristic of shear banding induced by nanoparticles is observed to be 
similar to the one observed in micron size particles as well as in rubber particles [7]. 
Shear bands are initiated as a result of the stress concentration in the matrix caused by 
the presence of the particles. Particle debonding and void growth can give rise to the 
localized shear banding in the way that debonding at the particle-matrix interface can 
greatly reduce the degree of triaxial stresses acting on the polymer matrix next to 
particles. This reduction of stress enables the further growth of shear bands.  Shear 
yielding originates from the point of maximum stress concentration, where for in 
inorganic particles is at the pole of the particles [23]. When the load is further 
increased, a shear bands material forms at an angle of approximately 45
o
 to the 
applied stress. Note that shear bands are birefringent under transmitted optical 
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microscope. Once the shear band is formed, further plastic-yielding is localized 
within this band. Shear bands connecting voided particles are called dilation bands.  
1.5.2.3 Toughening modeling in nanosilica filled epoxies  
Huang and Kinloch [68] proposed that the increase in fracture toughness of 
particle-modified epoxy can be expressed as:  
GIC = GICU +         (16) 
where GIC is the fracture energy of modified epoxy, GICU is the fracture energy of 
unmodified epoxy, and  is the overall toughening contributions based on localized 
shear banding and plastic void growth. Other toughening mechanisms were not 
directly considered for the toughening contributions.  Kunz-Douglass et al. [76] 
further developed the model, which involves three main toughening contributions. 
Firstly, the localized shear yielding or shear banding occurs between the particles. 
Secondly, the plastic void growth is initiated by the internal cavitation or interfacial 
debonding of the particles. Note that the first two contributions occur in the polymer 
matrix in the plastic zone ahead of the crack tip, while the rubbery particles bridge 
across the crack and behind the crack tip.  The particle bridging mechanism, the third 
mechanism modeled, exists in the crack wake. The total increase in the fracture 
energy is therefore the sum of the respective contributions from these three 
mechanisms and can be expressed here: 
 = Gs +Gv + Gr     (17) 
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where  is the total additional energy dissipated per unit area, Gs is the energy 
contribution from the localized shear banding, Gv is the energy contribution from 
the plastic void growth, and Gr is the energy contribution from particle bridging 
mechanism. However, it is important to point out that for the nanosize rigid spherical 
particles, the particle bridging mechanism does not occur and will not be considered 
further. Therefore, the shear banding mechanism and plastic void growth are the only 
two contributions for toughening effect in nanosilica-epoxy system.  These fracture 
energies can be expressed by the following equations: 
  (18) 
where Vfr is the original volume fraction of the rubber particles (in this work silica 
particle will be used), Vfv is the measured volume fraction of the debonded particles, 
Vf is the equivalent to either Vfr or to Vfv, yc is the compressive yield stress of the 
epoxy matrix, f is the fracture strain of the epoxy matrix, Kvm is the maximum stress 
concentration factor of the von Mises stress in the epoxy matrix, ryu is the radius of 
the plastic zone for the unmodified epoxy, and m is a factor for the pressure 
dependence of the von Mises yield criterion for glassy polymers [77] which is 
between 0.175 and 0.225 for epoxy resin. It was later suggested by Kinloch [78] that 
Kvm may be obtained from finite-element analysis, and ryu may be calculated from the 
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mechanical properties of the material. This model gave satisfactory results for a 
rubber-modified epoxy system.  
From early research in nanosilica-filled epoxy, Johnsen et al. [5] suggested 
that the toughening was due to a plastic void growth mechanism involving particle-
matrix debonding. However, considerable overestimation was found between the 
prediction and experimental data where this deviation was mainly attributed to the 
assumption that all nanosilica particles debonded and initiated plastic void growth. 
Nevertheless, this work had made an insightful explanation for toughening study in 
nanosilica-epoxy system. More recent work by Liang and Pearson [57] modified the 
plastic void growth model by carefully determining the increased volume fraction of 
voids (Vfv-Vfp) by assuming that the matrix does not shrink after voids and also 
included shear banding mechanism as another toughening contribution. These 
additional mechanisms help to increase the accuracy for the fracture energy 
prediction and as a results, a good agreement was found with the modified plastic 
void growth model (Gv) and the experimental data. However, Liang’s work can 
quantitatively predict the experimental data only at low filler content. At high filler 
content, the model still overestimated the fracture toughness values. Hsieh et al. [24] 
later modified the plastic void growth from Johnsen’s study [5] and experimentally 
observed that only small fraction of nanoparticles has ability to debond and initiate 
plastic void growth. By taking this into consideration, a reasonable agreement was 
observed. In Hsieh’s work, the model included contribution energy from both shear 
banding and plastic void growth. However, the model cannot quantify which 
toughening mechanism dominates in nanosilica filled epoxy resin.   
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1.5.3 Toughening mechanism/model for epoxy containing bimodal particle size 
distributions: Additive and multiplicative effects model  
 
 The additive and multiplicative model was first studied in rubber-toughened 
polymers [79]. The model considers the enhancement of toughness accounted for the 
combined mechanisms of particle bridging, particle dilation and shear banding 
mechanisms found in rubber-modified polymers. Evan [80] suggested that the 
interaction of these mechanisms contribution to the toughness of polymers is a 
multiplicative effect if the process zone width which is contributed from plastic 
dilation and shear bands depends on the magnitude of the net toughness. A schematic 
showing the process zone and the stress-strain characteristic of an element dx dy as it 
traverses across a trip dy within the zone is shown in Figure 19. In this model, shear 
bands and the plastic dilation contribute additively to the toughness and these two 
mechanisms are multiplicative with particle bridging across the crack surface. 
Consequently, a synergistic combination of process can be expected.   
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Figure 19. A schematic showing the process zone and the stress-strain characteristic 
of an element dx dy as it traverses across a trip dy within the zone. Reproduced from 
reference [79]. 
In this model, the toughness of composites, Jc, is expressed as  
      (19) 
where Jo is the fundamental toughness due to particle bridging mechanism. ΔJC is the 
toughness due to the process zone mechanisms. This model considers the plastic 
dilation and shear bands as the plastic zone mechanisms where the mechanisms of 
this type result in a toughness that typically scales with the size of plastic zone. The 
critical J is given by 
                 (20) 
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where β is a coefficient of the nonlinear mechanism that operates in process zone. h is 
the process zone width and given as (for plane strain condition) 
       (21) 
where σy is yield strength, E is Young's modulus and g= 1/4. The final toughness can 
be expressed as  
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The purpose of this model is to provide a rational basis for considering mechanism 
combination.  However, this model is mathematically based and has not been verified 
experimentally. To date, additive or multiplicative effect was solely investigated in 
rubber-toughened polymer and has not been studied in silica filled polymers. Based 
on the results and proposals derived from single-particle sized systems, it is a great 
interest to determine if the mechanisms can be extended to a system containing silica 
particles.  
1.6 OBJECTIVE AND CONTENTS OF THIS DISSERTATION  
 
The toughening models above certainly provide much insight into the 
mechanisms responsible for the increase in toughness of epoxy resins upon the 
addition of rigid particles. However, each proposed toughening mechanism only 
partially accounts for the observed toughening effect.  No single mechanism can fully 
explain the observed fracture toughness results, therefore, there is still debate over 
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which mechanism dominates. The objectives of this work are to evaluate the most 
popular toughening theories and to apply them quantitatively to explain our 
experimental results on nanosilica filled epoxies. Specifically, the role of nanosilica 
content and size of nanosilica fillers on toughness will be explored. It is important to 
note that nanosilica addition not only affects fracture behavior of epoxy resin, but also 
other mechanical properties such as glass transition temperature (Tg), the Young’s 
modulus (E), yield strength (σ) and coefficient of thermal expansion (CTE) of these 
nanocomposites, which will also be concurrently studied. 
This dissertation is divided into four chapters. In this chapter, Chapter 1, the 
toughening of epoxy resins by silica particles was reviewed from the open literature. 
The influence of the type of epoxy resins, particle size, filler contents, and toughening 
mechanisms was compared and contrasted. This review provided the general concepts 
on using nanosilica as toughening agent in epoxy resins.  
In Chapter 2, the effect of silica particle size of silica particles on the 
toughening mechanisms of epoxy-silica composites will be investigated to better 
understand the role of particle size effect on toughening mechanism of silica-epoxy 
system. These studies will allow the determination of a critical filler size for 
improved fracture toughness over a broader range of silica filled epoxies. Other 
mechanical and thermal properties such as glass transition temperature (Tg), the 
Young’s modulus (E) and coefficient of thermal expansion (CTE) of these 
nanocomposites will also be concurrently investigated and compared with theoretical 
models.  
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In Chapter 3, the effect of bimodal particle size distribution on fracture 
behavior of silica filled epoxy will be studied. The objective of this work is to 
determine if the mechanisms can be extended and applicable to a mixture of two-
particle sizes (micron- and nano-size particles) on epoxy-silica composites.  Also, it is 
of interest to confirm whether the difference in toughening mechanism between the 
micron- and nano-size silica particles will be a multiplicative or an additive effect. 
Other mechanical and thermal properties such as glass transition temperature (Tg), the 
Young’s modulus (E) and coefficient of thermal expansion (CTE) of these 
nanocomposites will also be evaluated and compared with theoretical models.   
 Finally, conclusions and suggestions for future work will be provided in 
Chapter 4.  
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CHAPTER 2 
EFFECT OF SILICA NANOPARTICLE SIZE ON TOUGHENING 
MECHANISMS OF FILLED EPOXY 
2.1 INTRODUCTION 
 
Epoxy resins are widely used in high performance applications such as 
structural adhesives, composite materials and microelectronic encapsulants. 
Unfortunately, most epoxies are inherently brittle. Therefore, additives and fillers are 
often employed in an effort to increase fracture toughness. Inorganic particles have 
drawn much attention for toughening epoxy resins since such fillers can increase 
toughness without decreasing the glass transition temperature. Interestingly, the 
effectiveness of inorganic particles is related to the type of toughening mechanisms 
that they can induce.  
There have been various toughening mechanisms proposed to explain the 
increased toughness for epoxies containing micron-size inorganic particles. These 
mechanisms include crack-tip pinning and bowing [1-3], crack path deflection [4], 
and particle bridging [5, 6]. However, the occurrence of these mechanisms has been 
discounted for nanosilica-filled epoxies due to their significantly smaller size that 
prohibits the occurrence of such mechanisms. For nanometer-size silica, Zhang et al. 
[7] published SEM fractographs of the fracture surface for epoxy resins with up to 10 
percent nanosilica by volume.   It was proposed that the formation of dimples was the 
main factor in energy dissipation and toughening mechanism. A more plausible 
toughening mechanism has been proposed by Johnsen et al. [3] who observed that 
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nanoparticles debonded from the epoxy matrix and created voids on the fracture 
surface. These same authors also suggested that the improved toughness from 
nanoparticle filled epoxies can be predicted from the plastic void growth model. 
However, overestimations of the fracture toughness were reported. Liang and Pearson 
[8] had found evidence for matrix shear banding as an additional toughening 
mechanism in nanosilica-filled epoxies however this additional energy dissipation 
mechanism has led to a re-evaluation of the contribution of void growth to the overall 
increases in fracture toughness. This review illustrates that the toughening 
mechanisms discussed in the literature still require further clarification for nanosilica 
filled epoxy systems. 
The size of the nanofillers is also expected to play a crucial role on the types 
of toughening mechanisms operating in filled epoxy-based nanocomposites. For 
example, the study by Zhang indicated that smaller nanoparticle improved properties 
of composites due to the increased interfacial area between the silica particle surface 
and polymer matrix [9]. However, an investigation from Liang [8] on the effect of 
particle size on toughening mechanisms showed that the particle size, within the 
range of 20-80 nm, did not affect the fracture toughness nor the Young’s modulus.  
This discrepancy shows that the effect of filler particle size, especially in the 
nanoscale range, is not well understood. Further research is necessary to clarify the 
role of particle size on toughening mechanisms in polymer nanocomposites. This 
brief review illustrates that there is a lack of agreement on the particle size effect on 
the toughening mechanism(s) for nanosilica filled epoxy systems. Furthermore, the 
toughening effect for different size distributions has not been reported.   
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In this chapter, the toughening mechanisms in epoxies with various sizes and 
volume fractions of nanosilica particles ranging from 23 to 170 nm and 0 to 30 vol%, 
respectively, dispersed in a diglycidyl ether of bisphenol A epoxy (DGEBA) are 
studied.  The toughening mechanisms were investigated using Scanning Electron 
Microscopy (SEM), Transmission Electron Microscopy (TEM) and Transmitted 
Optical Microscopy (TOM).  Other mechanical and thermal properties of these 
nanocomposites are also studied. The goal of this study is to understand the 
dependence of nanosilica particle size on the toughening behavior in a lightly 
crosslinked epoxy resin.   
2.2 EXPERIMENTAL 
2.2.1 Materials 
The epoxy resin examined was a standard diglycidyl ether of bisphenol A 
(DER331 resin, Dow Chemical Company) with an equivalent molecular weight of 
187 g/mol. The nano-SiO2 particles (3M Corporation) with an average particle size of 
170 nm, 74 nm, and 23 nm were surface modified by a sol-gel process to prevent 
agglomeration and to maintain a narrow particle size distribution. The nanosilica 
particles were supplied as pre-mixed concentrates in a DGEBA epoxy resin. 
Piperidine (Sigma-Aldrich
®
) was used as the curing agent. 
2.2.2 Nanocomposite preparation 
Nanocomposites were formulated by diluting the epoxy-nanosilica 
concentrates with neat epoxy resin to produce epoxies with 0-30 vol% nano-SiO2 
concentrations. The DGEBA and nano-SiO2 concentrates were mixed together with a 
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mechanical stirrer at 85 
o
C to lower the viscosity of the resin. After degassing under 
vacuum for four hours, 5 phr of piperidine curing agent was added into the mixture 
and then mechanically agitated under vacuum for ten minutes. Finally, the mixture 
was poured into a preheated steel mold coated with a mold release agent and 
thermally cured at 160 
o
C for 6 hours.  
2.2.3 Materials Characterization 
 
The density of neat epoxy and epoxy-nanosilica composites were measured 
using a pycnometer with distilled water as the medium. The density of nanosilica in 
composite was calculated using the rule of mixture in following equation; 
E
E
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ES
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S
mmm
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

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
 

     (1)
 
where ms and mE are the mass fractions of silica and epoxy matrix, respectively, and 
ρE and ρC are the density of epoxy matrix and composites, respectively. Using the 
measured densities, the volume percent of nano-SiO2 was calculated from the known 
weight percent. 
A differential scanning calorimetry (DSC, TA Instruments 2920) was used to 
measure the glass transition temperature of the nanocomposites. A sample size of 
approximately 10 mg was ramped at 10 
o
C/min from 25 to 160 
o
C under a nitrogen 
purge gas. 
 The coefficients of thermal expansion (CTE) were investigated using a 
thermomechanical analysis (TMA2940, TA Instruments). The specimens had the 
following dimensions: 3 mm x 3 mm x 3 mm. The dimensional changes were 
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recorded over a temperature range of 25 to 160 
o
C using a heating rate of 2
o
C/min. 
The CTE values were determined using TMA universal analysis software and 
calculated from the slopes below and above Tg. All reported TMA data were collected 
from a second heating cycle in order to relieve any residual stress. 
Fracture toughness (KIC) was determined using a single-edge notch bend 
(SENB) test, in accordance with the ASTM D5045 standard. A pre-crack was made 
by lightly tapping a fresh razor blade between adjoining plates, yielding a very sharp 
natural crack. The fracture toughness tests were performed at a rate of 1 mm/min with 
sample dimensions of 75.6 mm (h) x 12.7 mm (w) x 6.36 mm (d). The average and 
standard deviation values were reported from at least five samples for each 
composition. KIC was determined using the relationship in the following equation 
[10].   
 
     (2)
 
where Y is the shape factor, Pf is the load at the break, S is the length of the span, w is 
the width of the sample, and a is the crack length. The fracture energy (GIC) was 
calculated by equation below [10]. 
      (3) 
where E is the tensile Young’s modulus of the composite and ν is the Poisson’s ratio 
of the epoxy taken as 0.39 [11]. 
The Young’s modulus (E) and yield stress (y) of the particulate composites 
were measured using a screw-driven materials testing machine (Instron, universal 
type 5567) in tension. All the samples were machined to a dog-bone shape (Type V), 

GIC 
KIC
2
E
1 2 

KIC Y
YP f S
4tw 2
a
  63 
with dimensions of 63.5 mm long, the 3 mm wide in the constant gage section, and 3 
mm thick. Tensile tests were conducted at a displacement rate of 5 mm/min at room 
temperature, according to the ASTM D638 standard test method.   
The fracture surfaces of composites were then examined by high resolution 
scanning electron microscopy (HR-SEM, Hitachi model 4300).  All samples were 
coated with a thin layer of sputtered iridium to facilitate electrical conduction on the 
surface. The accelerating voltage was set at 5 kV. 
 The distributions of nanosilica particles in epoxy matrix were determined 
using transmission electron microscopy (Philips (FEI) CM12) at 80 kV. The images 
were captured on a Gatan ES1000W, 11 megapixel digital camera. Thin sections (80 
nm thick) were cut using a diamond knife at room temperature. The tests were 
conducted at Core Electron Microscopy Facility at University of Massachusetts 
Medical School.  
 Transmitted light optical microscopy (TOM, Olympus model BH2) was used 
to determine the subsurface damage. Thin sections at the fracture surface from 3PB 
specimens were ground and polished using standard petrographic techniques to 
approximately 100 microns in thickness. These thin sections were then examined 
under bright field and cross-polarized light. 
2.3 RESULTS AND DISCUSSION 
2.3.1 Fracture morphology 
The TEM micrographs of epoxy composites containing 10 vol% of 170 nm, 
74 nm, and 23 nm sized particles are shown in Figure 1. These images show a well-
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dispersed particle distribution of nanosilica in the epoxy matrix for all systems. No 
particle agglomeration is observed at 10 vol% of fillers.  Therefore, the curing 
procedures used produced model nanosilica filled epoxy resins with uniform 
dispersions. 
2.3.2 Glass transition temperatures 
 
The glass transition temperatures (Tg) of epoxy resins filled with nanosilica 
particles of different sizes and with different volume fractions are shown in Table 1. 
Note that the addition of nanosilica did not significantly alter the glass transition 
temperature of epoxy resin.  The Tg of the nanosilica filled epoxies were determined 
to be 802 oC, which matches the neat resin at 80 oC. In addition nanosilica content, 
the size of nanosilica particles had no significant effect on glass transition 
temperature of epoxy matrix. These results suggest that the addition of nanosilica 
particles and the change in particle size do not affect the chain mobility of the 
DGEBA/piperidine matrix, which is in agreement with the results in the literature [8]. 
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Figure 1. TEM micrographs for particle distribution of nanosilica in DGEBA (10 
vol%) : A) 23 nm, B) 74 nm, and  C) 170 nm. 
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Table 1. Tg values of nanosilica filled DGEBA as a function of filler content 
compared at different sizes of nanosilica particles. 
 
Nanosilica particle 
sizes 
Vol% 
Tg (ºC) 
DSC 
σy 
(MPa) E (GPa) 
KIC, 
(MPa√m) 
GIC, 
(J/m
2
) 
 
          Unmodified 
 
80.1 
 
85.2 
 
3.50 
 
1.11 
 
303 
23 nm 
2.5 
5 
10 
15 
20 
25 
30 
79.2 
78.6 
81.5 
80.8 
83.4 
82.2 
82.8 
82.9 
84.6 
85.8 
83.3 
86.1 
83.0 
82.0 
3.50 
3.62 
4.24 
4.56 
4.78 
5.22 
5.53 
1.70 
1.78 
1.87 
2.17 
2.21 
2.4 
2.52 
700 
742 
700 
876 
866 
934 
973 
74 nm 
2.5 
5 
10 
15 
20 
25 
30 
83.0 
77.4 
79.2 
82.4 
83.8 
80.9 
80.5 
80.3 
82.8 
83.1 
82.9 
80.5 
78.9 
78.4 
3.67 
3.8 
4.15 
4.50 
4.76 
5.43 
5.60 
1.75 
1.89 
2.03 
2.36 
2.55 
2.71 
2.89 
707 
797 
842 
1050 
1157 
1146 
1264 
170 nm 
2.5 
5 
10 
15 
20 
25 
30 
79.3 
81.5 
78.7 
83.8 
80.5 
83.7 
82.2 
83.2 
84.5 
84.1 
85.3 
85.0 
83.0 
82.6 
3.50 
3.62 
4.25 
4.60 
4.87 
5.35 
5.78 
1.68 
1.75 
2.04 
2.31 
2.48 
2.52 
2.65 
684 
717 
830 
983 
1070 
1006 
1030 
 
2.3.3 Density measurements  
 
The density of the nanosilica particles in the composite system was calculated 
using the Rule of Mixtures (ROM) [10] as shown in equation 1 where the densities of 
neat resin and nanosilica-containing composite were measured using a pycnometer. 
The results for the unfilled and nanosilica-filled epoxies are provided in Table 2. The 
measured densities of the neat resin and nanosilica composites are 1.16 g/cm
3
 and 
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1.26±0.01 g/cm
3
, respectively. The increase in the nanocomposite density is due to 
the higher density of nanosilica than that of neat epoxy resin. The calculated density 
of the nanosilica particles in composites by ROM is in the range of 1.92±0.03 g/cm
3
. 
Note that fumed silica has a density of 2.2 g/cm
3
 [12]. The difference in the densities 
may be due to the surface modification of nanosilica [13]. Note that the value of 1.92 
g/cm
3
 is used in our prediction of thermal and mechanical properties of the epoxy 
nanocomposites.   
Table 2. Calculated densities (g/cm
3
) of nanosilica in composite using the rule of 
mixture theory [10]. 
 
Samples Measured density of 
composites 
Calculated density of 
nanosilica in composites 
Neat resin 1.16 - 
23 nm 1.25 1.93 
74 nm 1.27 1.90 
170 nm 1.28 1.92 
 
 
2.3.4 Coefficient of Thermal Expansion 
 
The coefficients of linear thermal expansion (CTE) of the unmodified and 
nanosilica-containing epoxies for below and above the glass transition temperature 
(Tg) are shown in Table 3. The Tg and CTE were determined from the second heating 
cycle, since the first heating cycle of the raw TMA data contains the thermal and 
mechanical history of the specimen.  Therefore, the second heating phase provides 
information about the true material behavior [14]. The CTE was calculated from the 
slope of the strain-temperature curves in the region ±50 
o
C of the Tg. As expected, 
the nanocomposites exhibited a lower CTE value compared to the neat resin. 
Furthermore, as filler content increases, the CTE decreases due to the lower CTE of 
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the nanosilica filler as compared to the neat epoxy resin. As expected, the largest 
decrease in CTE was for the highest filler content of 30 vol% for all systems, which 
reduced the CTE (below Tg) of neat resin by 55.46%, 43.92%, and 40.61% for 23 
nm, 74 nm, and 170 nm silica filled systems, respectively.  A relationship was 
revealed between nanosilica particle size and CTE that as the particle size decreases, 
the CTE also decreases given the same volume % of filler. A similar observation was 
reported by Qu and Wong for micron-size silica fillers in epoxy [15]. The particle 
size effect on CTE may be attributed to the higher total surface area of the filler 
particles. Therefore, the particle surfaces restrict the mobility and deformation of the 
matrix by introducing a mechanical restraint, preventing the expansion of the resin 
matrix upon heating. As the particle size decreases, the surface area of the particles 
also increases as well as the interfacial area between the filler and the resin, which 
allows a decrease in the expansion of the matrix. Hence, the lower CTE can be 
expected.  
The results for CTE of nanocomposites at the rubbery state are listed in Table 
3. It is readily seen that the CTE in the rubbery state is higher than that below Tg 
since the materials above Tg possess more free volume resulting in higher expansion. 
Figure 4 shows the CTE values of the composite above Tg, depicting that the 
maximum decrease in CTE of the composites is observed for the 23 nm filler, which 
decreases from 216 to 152 ppm/
o
C or 29.63%.  The same trend was seen for the CTE 
below the Tg as above the Tg.  That is that the CTE decreased with increasing filler 
content. The maximum decrease in CTE (above Tg) for the 74 and 170 nm fillers was 
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at 30 vol% nanosilica, which have a corresponding drop in CTE of 28.24% and 30.56 
%, respectively.  
TMA also provided the glass transition temperature of modified epoxies by 
mechanical testing, presented in Table 3 at the corresponding vol% nanosilica 
concentrations. It is determined that the Tg values of neat resin and modified epoxies 
are in the range of 77±2 
o
C. Note that the Tg values from the TMA study are found to 
be different than that of the DSC study (shown in Table 1). This difference in the Tg 
value is often found to be on the order of 5-10 
o
C [16].  For example, in DSC, a Tg 
value is evaluated based on the change in heat produced by the material as it goes 
through the glass to rubber transition upon heating. For TMA, a Tg value is 
determined based on the change in the volume of the sample while heated. In 
addition, each of these methods has several variables such as heating rate and sample 
size that can affect the Tg values. Therefore, a slight difference in Tg values can be 
expected. The results revealed that addition of nanosilica does not have a significant 
impact on the DGEBA systems, which is consistent with the current DSC results. 
This conclusion is similar to work reported by other systems [8]  that when  filler is 
added to the polymer, the chain mobility of the segment polymer only occurs at the 
interface between the filler and the polymer, while the rest of the polymer is hardly 
changed. Observations of an unchanged Tg for composite materials can confirm this 
assumption. The overall mobility is reduced where the CTE is clearly decreased with 
the addition of fillers. In other words, through the addition of fillers to the composite, 
the rigidity of material is improved.  Therefore, nanocomposites will not be as easy to 
deform compared with epoxy resin alone, and a decreased CTE can be expected.  
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Table 3. Experimental results for glass transition temperatures (Tg) and CTE as a 
function of nanosilica content and particle size.  
 
Diameter 
nanosilica  
Vol% of 
 nanosilica 
Tg (
o
C) 
from TMA 
Linear CTE 
below Tg 
(ppm/
o
C) 
Linear CTE 
above Tg (ppm/
o
C) 
Neat epoxy resin 77.6 81.5 216.0 
 
23 nm 
 
2.5 
5 
10 
15 
20 
25 
30 
79.2 
77.2 
75.9 
76.6 
76.7 
75.9 
75.8 
76.3 
65.0 
63.1 
56.1 
53.1 
38.0 
36.3 
211.0 
187.0 
180.0 
172.0 
166.0 
158.0 
152.0 
 
74 nm 
 
2.5 
5 
10 
15 
20 
25 
30 
77.8 
78.9 
77.4 
78.0 
75.6 
75.4 
78.2 
75.4 
68.0 
66.9 
63.4 
59.23 
53.7 
45.7 
200.0 
195.0 
180.0 
183.0 
169.0 
160.0 
155.0 
 
170 nm 
 
2.5 
5 
10 
15 
20 
25 
30 
80.2 
79.6 
77.1 
75.7 
75.6 
76.4 
77.9 
77.5 
75.2 
68.9 
64.7 
61.9 
52.5 
48.4 
226.0 
200.0 
195.0 
177.0 
166.0 
154.0 
150.0 
 
2.3.4.1 Modeling Studies (CTE) 
Various models have been proposed to predict the CTE of composites 
materials [17]. Among these models, only the models for isotropic two-phase 
materials are considered. These models are rule of mixtures (ROM) [14], Thomas 
[14], Turner [18], and Kerner [19]. The rule of mixture model ROM is the simplest 
equation and assumes that each phase expands independently to each other. This 
model does not consider the mechanical interaction between the phases and 
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approximates the CTE of composites based on an assumption that all phases have the 
same mechanical stresses (isostress). The ROM relationship is illustrated in equation 
4; where α is the CTE, V is volume fraction. The subscripts c, f and m, denote 
composite, filler and matrix, respectively. 
     (4) 
Thomas’s model involves a simple modification of the ROM. The Thomas 
model is an empirical equation based on the concept of the ROM and is given as 
     (5) 
where exponent “a” varies from +1 to -1 depending on the particle system. This 
model also gives no insight on interaction between the phases. Also, there is no 
restriction on the shape of the particles in this model. 
The shape of the reinforcement has been considered by Kerner [19]. The 
Kerner model estimates the CTE of a composite based on the bulk modulus of filler 
and matrix. In this model, it is assumed that the composite consists of spherical 
particles dispersed in the matrix and is wetted by a uniform layer of the matrix [19]. 
The composites were assumed to be macroscopically isotropic and homogeneous. 
The model gives the CTE of composite as, 
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The last term of the equation is a measure of the thermal stress occurring in 
the composite systems during temperature changes. 
Note that K is the bulk modulus, which can be calculated using the standard 
relationship 
         (7) 
Also note that G is the shear modulus, which can be calculated using the 
standard relationship 
    where            
)1(2 

E
G              (8) 
Where E is Young’s modulus and  is Poisson’s ratio.  
2.3.4.2 Comparison between experimental results and model prediction 
The properties of the nanosilica and epoxy resin used in model predictions are 
given in Table 4. The bulk moduli of epoxy matrix (Km) and fillers (Kf) are calculated 
using equation 7 while the shear modulus of epoxy matrix (Gm) and fillers (Gf) are 
calculated from equation 8 [20]. The values of the Young’s modulus, CTE, and 
Poisson’s ratio of the epoxy are obtained from experimental studies while the values 
for nanosilica are obtained from References [11, 12]. 
Figures 2-4 show the comparisons between the experimental CTE data for 170 
nm, 74 nm, and 23 nm nanosilica filled epoxies with the predicted results calculated 

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E
3 3 
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from the ROM models below Tg, respectively. As expected for all the composites 
systems, the ROM overestimates the CTE for all volume fractions. This 
overestimation may be due to the fact that the ROM ignores the interface interaction, 
leading to predictions greater than experimental data.  
Table 4. Material parameters used in model prediction 
Parameters Symbol Value Reference 
Bulk modulus of epoxy matrix, GPa Km 5.23 Eq.7 
Bulk modulus of nanosilica particle, GPa Kf 35.35 Eq.7 
Shear modulus of epoxy matrix, GPa Gm 1.24 Eq.8 
Shear modulus of nanosilica particle, GPa Gf 29.91 Eq.8 
Young’s modulus of epoxy matrix, GPa Em 3.45 Table 2 
Young’s modulus of silica particle, GPa Ef 70 [12] 
Poisson’s ratio of epoxy matrix νm 0.39 [11] 
Poisson’s ratio of silica particle νf 0.17 [12] 
CTE of epoxy matrix, ppm/
o
C αm 81.5 Table 2 
CTE of silica particle, ppm/
o
C αf 0.55 [12] 
 
The experimental CTE values give good agreement with the Thomas model 
when the exponent a equals 0.34, 0.58, and 0.64 for 23 nm, 74 nm and 170 nm 
systems, respectively. Agreement between experimental CTEs and the Thomas model 
is not so surprising because of an additional adjustable constant. However, it is 
interesting that the values of a are dependent on the particle size. By decreasing the 
particle size, the value of the exponent a also decreases. According to the Thomas 
model, the value of a should be between -1 and +1. If a equals 1, the Thomas model 
is identical to the ROM model.  Therefore, the system has no interaction between the 
filler and the matrix. It can be thought that the smaller the value of a, the more 
interaction between phases. 
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For the Kerner model, the estimated values for CTE correlate well over the 
full range of nanosilica concentration for the 170 nm and 74 nm particles. However, 
the model slightly over predicts the CTE at higher nanosilica  volume fractions for the 
74 nm particle systems. For the 23 nm particle systems, the Kerner model 
overestimates the experimental data for all the volume fractions. This overestimation 
for 23 nm sized particles may be accounted for by the large surface area-to-volume 
ratio of the filler. The relatively smaller sized 23 nm particles constrain more epoxy 
matrix fraction, as compared to 74 nm and 170 nm fillers. It can be seen that the 
decrease in CTE of epoxy filled with 23 nm silica is greater than that of epoxy filled 
with 74 nm and 170 nm, compared at the same volume %. These results suggest that 
the interface must be taken into consideration when employing nanosize fillers.  
In the rubbery state, the model predictions of CTE compared with the 
experimental results for 23 nm, 74 nm, and 170 nm particle systems are depicted in 
Figure 5.  The ROM and Kerner models best describe the CTE with addition of 
nanosilica fillers up to 30 vol% over the range of particle sizes studied.  For the 
Thomas model, the value of exponent a equals to 1 provides the best fit which is 
equivalent to the ROM model. Therefore, the predicted results are the same as the 
ROM model. Upon closer examination of the experimental data points, there does not 
appear to be an effect of particle size on CTE since all the results at the same volume 
% filler content are similar.  
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Figure 2. Coefficient of thermal expansion (CTE) of epoxy filled with 170 nm 
nanosilica (below Tg) as a function of filler content.   
 
Figure 3. Coefficient of thermal expansion (CTE) of epoxy filled with 74 nm 
nanosilica (below Tg) as a function of filler content. 
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Figure 4. Coefficient of thermal expansion (CTE) of epoxy filled with 74 nm 
nanosilica (below Tg) as a function of filler content. 
 
 
Figure 5. Coefficient of thermal expansion (CTE) of epoxy filled with 170 nm, 74 nm 
and 23 nm nanosilica (above Tg) as a function of filler content.   
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2.3.5 Young’s modulus (E) 
 
The Young’s moduli (E) of the nanocomposite materials were measured using 
dog-bone shaped tensile specimens. The results are shown in Table 1 along with the 
standard deviation (calculated from at least five samples). The modulus clearly 
increases with the addition of nanosilica, which is expected due to the much higher 
modulus of silica compared to the epoxy matrix [21]. The effect of nanosilica content 
on the Young’s modulus is depicted in Figure 6.  Note that for all particle sizes (23-
170 nm), the modulus increases with volume fraction of nanosilica. However, no 
significant effect due to the difference in particle size is observed. The lack of a 
significant effect on the modulus due to particle size that was observed in this study is 
consistent with similar particle filled epoxy resins studies found in the literature [9, 
22-25]. In a recent study [25] on a similar composite systems in the 20-80 nm particle 
diameter range showed that the particle size does not affect the modulus. Nakamura et 
al [26] studied spherical and irregular shaped silica particles (2-30 µm) on the 
modulus and showed that the modulus remained constant with decreasing particle 
size. The same observation was found for epoxy/aluminum trihydrate composites [2] 
using an average particle size from 1-12 m and determined that the particle size did 
not significantly influence the modulus.  Therefore, the current study is in agreement 
with the literature with respect to the lack of a particle size effect on the Young’s 
modulus in filled epoxy systems.  
The increase of the Young’s modulus in epoxies by the addition of nanosilica 
can also be influenced by the interaction between these two phases. Both CTE and the 
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Young’s modulus are related to the depth of atomic bond energy function where the 
polymer chain mobility is restricted by fillers, which contribute to an improved in 
both CTE and tensile modulus [27]. The particles restrict the mobility and 
deformation of the matrix by introducing a mechanical restraint. According to this 
mechanism, the improved modulus for composites containing smaller-sized fillers 
would be expected over composites containing larger particle sizes. However, the 
degree of particle restriction depends on the properties of the filler and the matrix. It 
has been reported that interfacial phases or interphases also contribute to the 
enhancement in the composite modulus. However, the current study reveals that these 
interfacial phases have little or no effect on the overall composite modulus. 
Interestingly, it was shown from the CTE results above that particle size clearly 
affects the CTE of composites due to an increase in interface of matrix and filler. It 
can be thought that the interfacial phase is an important component in improving 
selected properties of nanocomposites as proposed in the literature[28], however, 
there may be restriction or limitations to its benefits which are discussed below. 
2.3.5.1 Modeling studies (E) 
 
There are many proposed theoretical models used to predict the properties of 
polymers that incorporate of particulate fillers [19, 29, 30]. Early models of these 
particulate composites were originally developed from the works of Einstein [31, 32] 
, who derived an expression to predict the shear viscosity of dilute suspensions 
containing rigid spheres. Furthermore, some of these viscosity models have been 
extended to predict the Young’s modulus.  
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In this dissertation, the Mori-Tanaka, Halpin-Tsai, and Kerner models are 
evaluated to predict the modulus of nanosilica filled epoxy resin since these models 
are considered to be the most relevant for the particulate filled polymers [8, 13, 33]. 
These models were initially evaluated by studies in elastic moduli of epoxy molding 
compound (EMC) with silica particles where the matrix and the particles were 
assumed to be linear-elastic and isotropic.  
The Mori-Tanaka equation [34], also studied by Tandon and Weng [35], 
predicts the Young’s modulus as a function of the effective particle volume and 
particle geometry. In the Mori-Tanaka method, it is assumed that only the two phases 
exist (matrix and reinforcement) and are perfectly bonded to each other. The effective 
Young’s modulus for a composite reinforced by spherical particles could be predicted 
by the relationship 
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where E, K and G are the effective Young’s modulus, bulk modulus, and shear 
modulus, respectively. The subscript C stands for the composite. The values of KC 
and GC can be expressed as follows:  
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where V is volume fraction and  is Poisson’s ratio, respectively. The subscripts m 
and f stand for matrix, and filler, respectively. This model is based on a dilute 
distribution of micro-inclusions embedded in the matrix. The interactions between the 
inclusions and the matrix, as well as the inclusion among inclusions are not 
considered.  The Mori-Tanaka approach has been used to accurately predict overall 
properties of composites when the reinforcements are on the micrometer-scale or 
larger.  
Another widely employed model is the Halpin-Tsai model[36]which can be 
expressed by the following equation:   
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where Ec and Em are the moduli for composite material and polymer matrix, 
respectively.  is the filler sphere volume fraction, and  is expressed by: 
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where Ef is the modulus of filler, and the shape factor () = 2a  (where aspect ratio (a) 
= 1 for a spherical particle). This model takes into consideration the modulus of the 
composite as a function of filler contents, or specifically, the modulus of filler, Ef, and 
the modulus of epoxy matrix, Em, as well as the aspect ratio by incorporation of a 
shape factor. These model parameters make the Halpin-Tsai model versatile.  
Therefore, the Halpin-Tsai model has been found by some to give more accurate 
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predictions for carbon nanotubes, nanoclay and nanosphere silica filled systems [3, 
25].  
 Lastly, another commonly used model for estimating the modulus of a 
composite containing spherical particles is the Kerner equation [19], generalized by 
Lewis and Nielsen [31, 37] and given by 
     (13)
 
 
where A is a constant (it is usually referred as kE-1, where kE is the Einstein 
coefficient), which depends on the geometry of the filler phase and the Poisson’s ratio 
for the matrix. B is also a constant that takes into account the relative modulus 
between the filler and the polymer matrix. Constants A (for spherical particles) and B 
are given by 
     (14)
 
 
The factor ψ is the maximum packing fraction of the filler into the matrix. It can be 
estimated using the following relation: 
     (15) 
where in this study, Vm = 0.637 [31] is used. These models, in the current study, were 
evaluated assuming spherical nanosilica filled epoxy resins.   
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2.3.5.2 Comparison between experimental results and model prediction 
 
The constants for the matrix and fillers used in the calculations are listed in 
Table 5 and Figure 6 which depicts the comparison of the Halpin-Tsai, Kerner, and 
Mori-Tanaka models to the experimental data for the Young’s modulus as a function 
of volume percentage of fillers. Among these, the Kerner model gives the most 
reasonable prediction, even though this model still slightly overestimates the Young’s 
modulus of composite at 30 vol% filler content. The Halpin-Tsai model is in good 
agreement with the experimental data only at low volume fraction up to ~15 vol% of 
fillers.  At higher concentration of fillers, this model is found to overestimate the 
experimental results. The Mori-Tanaka model provides a good prediction at relatively 
low volume fraction of filler, but slightly underestimates the experimental data at 
above 7.5 vol% of fillers. 
Table 5 Material parameters used in composite modulus predictions. 
Parameters Symbol Value Reference 
Bulk modulus of epoxy matrix, GPa Km 5.23 Eq.7 
Bulk modulus of nanosilica particle, GPa Kf 35.35 Eq.7 
Shear modulus of epoxy matrix, GPa Gm 1.24 Eq.8 
Shear modulus of nanosilica particle, GPa Gf 29.91 Eq.8 
Young’s modulus of epoxy matrix, GPa Em 3.45 Table 2 
Young’s modulus of silica particle, GPa Ef 70 [12] 
Poisson’s ratio of epoxy matrix νm 0.39 [11] 
Poisson’s ratio of silica particle νf 0.17 [12] 
 
An overestimation at high volume fraction of the Halpin-Tsai model could be 
due to matrix material having a uniform density up to the surface of the effective 
particle, to which the matrix is perfectly bonded, which is not the case. Therefore, it is 
expected that Halpin-Tsai model would predict an increase in elastic modulus of 
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epoxy resin upon reinforcement. Several researchers have modified the Halpin-Tsai 
model to fit the experimental data by considering addition factors. For instance, Van 
Es [38] suggested that the aspect ratio (a) used in the Equations 11 and 12 for 
spherical particles is too high and has recommended  = (2/3)a instead.  Also, 
Johnsen and co-workers [3]
 
proposed a modified Halpin-Tsai model by considering 
the effect of imperfect bonding between the filler and polymer matrix. However, 
these modified models are still limited to agglomeration at high filler contents, and 
the validity of these models has not yet been proven. This assumption causes the 
Halpin-Tsai prediction to differ from the other models, generally giving higher values 
for E. Similar results for the overestimations by the Halpin-Tsai model are also found 
with other models
 
[38].   
In contrast, the modulus predictions for the Mori-Tanaka model are found to 
be relatively low even at high volume fractions, showing that the values for these 
moduli are matrix dominated. Among the various models, this model predicts a lower 
bound of the experimental results. The Mori-Tanaka model assumes that only two 
phases exist (matrix and reinforcement), and that they are perfectly bonded to each 
other. This model does not consider the existence of interfacial phase between 
particle and matrix. Therefore this model’s prediction does not factor in the effect of 
particle size and the silica/epoxy interfacial molecular structure.  Also, the model 
lacks the contribution of the inclusion interaction, which is important at high 
inclusion concentrations. Both Halpin-Tsai and Mori-Tanaka models do not consider 
the interaction among fillers and could be explained why the Kerner model gives a 
more reasonable prediction. Typically, the Mori-Tanaka and Halpin-Tsai approaches 
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have been used to accurately predict the overall properties of composites when the 
reinforcements are on the micrometer-scale or larger [15, 29]. It can be thought that at 
these higher length scales, the assumption of the existence of two phases is 
acceptable. However, for nanometer-sized reinforcement, it has been shown that the 
molecular structure of the polymer matrix is significantly perturbed at the 
reinforcement/polymer interface, and this perturbed region is on the same length scale 
as that of the nanometer-sized reinforcement [9]. Therefore, at the shorter nanometer 
length scales, the reinforcement and adjacent polymer region is not accurately 
described as consisting of just two phases; thus, the Mori-Tanaka and Halpin-Tsai 
models are not expected to predict nanostructured reinforcements accurately.  
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Figure 6. The Young’s modulus of nanosilica filled DGEBA as a function of filler 
content compared at different sizes of nanosilica particles.  
 
2.3.6 Yield strength 
 
The results for the yield stress measurements for epoxy containing all the 
particle sizes are shown in Figure 7. The results show that the yield stresses remain 
constant with nanosilica content as well as size. These results are consistent with the 
literature [8, 9, 22]. However, there is some discrepancy in the literature regarding the 
trend of yield stress in epoxy associated with micron-sized particles [23, 39]. For 
example, comparing similar epoxy systems from this work to Kawakuchi and Pearson 
[23] an increase in the yield stress was seen with addition of 42 micron diameter 
silica particles as well as filler contents. In order to explain this observation, the 
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interfacial strength or adhesion between the particles and the epoxy has to be 
considered. This is particularly true for a system associated with nano-sized particles 
due to their relatively high surface area of an interface. For systems with poor filler-
matrix adhesion, the particles are unable to carry any part of the external load. The 
strength of the composite cannot be higher than that of the neat polymer matrix. For 
systems with good filler-matrix adhesion, the bonding between the fillers and the 
matrix is strong enough so that the yield stress of the composites can be greater than 
that of the polymer matrix [40]. This high interfacial stiffness corresponds in the same 
way that a large composite modulus is observed in the previous section, suggesting 
that stresses are efficiently transferred via the interface. For the current investigation, 
it is surprisingly observed that the yield stress does not behave exactly as it would be 
expected. The yield stress remains nearly constant over the range of filler contents 
and particle size. This suggests that the nanosilica particles are able to introduce 
additional mechanisms of failure and energy dissipation without dramatically 
preventing the matrix deformation.  
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Figure 7. Yield strength (y) of epoxy filled nanosilica as a function of filler contents 
compared at three different particle size (23 nm, 74 nm and 170 nm).   
 
2.3.7 Fracture toughness and fracture energy 
 
The results of the fracture toughness and fracture energy measurements are 
depicted in Figure 8 and 9, respectively. The fracture toughness, KIC, increased with 
the addition of nanosilica and was found to be a function of the amount of silica 
particles.  KIC increased from initial value of 1.11 MPa/m
2
 for neat system to 2.89 
MPa/m
2 
at the highest filler content of 30 vol% for particle size of 74 nm, while the 
other particle sizes followed the same general trend.  The fracture energies, GIC are 
calculated by applying equation 3 and are shown in Figure 9. The fracture energy is 
also found to increase steadily with greater amounts of filler. At the same vol%, the 
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particle size does not significantly affect the fracture toughness nor the fracture 
energy within experimental error. It is likely that the KIC and GIC values with the 23 
nm particle size could be slightly lower than the larger two types of nanosilica 
particles but the results are within experimental error. The similar KIC results, 
independent of particle size, agrees well with the recent work from Liang and Pearson 
[8] that the particle size in the range of 20-80 nm does not play a role for improved 
fracture toughness.  Similarly, the similar GIC results are all within experimental error 
with respect to particle size for nanosilica content up to 30 vol%.  The results of the 
present study are in contrast to the work presented by Nakamura et al. [39] who 
studied the effect of particle size on the fracture behavior of epoxy filled with five 
kinds of spherical silica particles with diameter ranging from 6 to 42 m. From the 
work of Nakamura [39], both KIC and GIC values were found to increase with 
increasing particle size. The studies by Nakamura et al. [39] agree well with Lange 
and Radford’s group [5] whom studied particle size effect on fracture toughness of 
alumina trihydrate (ATH) filled epoxies. These authors found that the fracture 
toughness increases as the particle size increases. It can be concluded that for epoxy 
with micron-size spherical particles, the fracture toughness increases with particle 
size but this result does not hold true when the particle size are in the nanometer-size 
range. It can be concluded that the size of silica nanoparticles do not significantly 
influence the fracture toughness of epoxies for a range of diameters of 20 -180 nm.  
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Figure 8. The fracture toughness (KIC) of nanosilica filled DGEBA as a function of 
filler content compared for different sizes of nanosilica particles. 
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Figure 9. The fracture energy (GIC) of nanosilica filled DGEBA as a function of filler 
content compared for different sizes of nanosilica particles. 
 
2.3.8 Toughening mechanisms for epoxy filled silica 
2.3.8.1 Fracture surfaces 
 
The fracture surfaces of epoxy composites containing 0-20 vol% of 170 nm, 
74 nm, and 23 nm sized particles are shown in Figure 10 obtained from low 
magnification SEM. The fracture surface of unmodified epoxy resin is found to be 
relatively smooth compared to the fracture surfaces of the filled systems, which is 
typically observed for glassy thermosetting polymers. Figure 10 (B-F) shows that the 
fracture surfaces of epoxy filled with nanosilica particles are observed to be relatively 
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rough compared to the neat resin (Figure 10A). The surface roughness indicates 
occurrences of large-scale plastic deformation during fracture. In the literature, the 
rough fracture surface was observed in the presence of micron size silica which is 
indicative of increased energy absorption. This increased energy absorption can be 
attributed to the crack path deflection mechanism [41], where the crack front tilts and 
twists when it encounters the particles and then proceeds around the particles. This 
change in crack direction causes an increase the fracture roughness and causes the 
crack to grow under modes I (opening) and II (sliding). Therefore, by increasing the 
size or increasing filler content, rougher fracture surfaces should be expected as well 
as larger fracture energy. However, this explanation does not translate to the 
nanosilica systems, for example, the 23 nm particle systems were found to have 
relatively smooth fracture surfaces compared to other systems. Figure 10E and 10F 
show the fracture surface of the 23 nm at 10 vol% and 20 vol%, respectively, where 
the KIC values increased from 1.87 to 2.21 MPa-m
1/2
 but the differences in surface 
roughness is not readily seen. Additionally, as shown in Figure 10B for the 170 nm, 
Figure 10C for the 74 nm, and Figure 10D for the 23 nm, at the same vol% fillers, the 
170 nm and 74 nm particle systems are shown to have rougher surface than that of the 
23 nm particle at 20 vol%.  The KIC values for all three systems are approximately the 
same.   
At high SEM magnification, the fracture surfaces of epoxy containing 10 
vol% of 170 nm, 74 nm, and 23 nm are depicted in Figure 11(A-C).  Random 
nanosilical particle distribution, in the epoxy matrix, is observed for the 170 nm and 
74 nm particle sizes. For the 23 nm fillers, the particles are hard to detect using the 
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SEM. Figure 11(A and B) showed the evidence of voids around the nanoparticles 
(indicated in white circles). However, it can be seen that not all the particles are 
debonded. The results show that only small portions of the nanoparticles debond 
during fracture. Similar observations of debonded nanosilica have been reported in 
the literature [3, 8]. Interestingly, the void size is approximately 1.45 times larger 
than that of the initial silica particle size. The mean diameters of the voids created by 
nanoparticles were measured to be 242 nm and 110 nm for the 170 nm and 74 nm 
particle sizes respectively. Note that the void size of the 23 nm systems could not be 
measured in this study. It can be thought that the debonding process is strongly 
dependent on particle size. As particle size decreases, the number of debonded 
particles also decreases, resulting in slightly lower fracture toughness values.  
A decrease in the number of debonded particles could also be due to the 
stronger bonds between the matrix for the 23 nm diameter silica nanoparticles. 
However, note that all the nanosilica materials were received from the same source, 
had same the surface chemistry treatment and were dispersed in the same epoxy resin. 
Another explanation for the decrease in toughness involves the dependence of the 
debonding stress on sphere size. The stress necessary to cause the debonding σdb is 
expressed by the following equation [42, 43] 

db 
1
3(1m )
16 dEm (1m )
rp
    (11) 
where d is specific debonding energy per unit of bonded surface, Em is Young’s 
modulus of the composite, rp is the radius of the sphere, and νm is the Poisson’s ratio 
of the matrix. This equation predicts debonding stress (σdb) as a function of particle 
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size (rp). When the particles are incorporated into a matrix, it causes stress 
concentrations in the neighboring particles. In order for the particle to debond from 
the matrix the external stress is needed to overcome the debonding energy and the 
stress concentrations.  According to this concept, the critical stress necessary to cause 
debonding process increases with decreasing the size of the particles, resulting in 
more difficult debonding. In other word, the larger particle size tends to debond easier 
than the smaller particle size. In the view of these analyses on the debonding process, 
the difference in the debonding process of these nanoparticle systems is not 
surprising. Therefore, the size of the particles can be expected to strongly affect the 
ability to debond the particle, or consequently, the plastic void growth mechanism.  
If the void size were to be approximated using the 1.45 factor extrapolated 
from the larger filler sizes, the void size of 23 nm is approximately 33 nm, which 
would be very difficult to observe.  This result has been reported by Johnsen et al. [3] 
where the void size of 29 nm was measured for the 20 nm-sized silica filled in epoxy 
resin. These observations provided evidence of debonding of nanoparticles which 
allows the energy dissipating via the plastic void growth mechanism, which are 
responsible for the increase in fracture toughness of epoxy systems.  
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Figure 10. Low magnification- SEM images of fracture surfaces of DGEBA 
containing 10-20 vol% of different sized nanosilica particles: A) Neat resin, B) 10 
vol% 170 nm, C) 10 vol% 74 nm. D) 20 vol% 74nm, E) 10 vol% 23 nm, and F) 20 
vol% 23 nm. 
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Figure 11. SEM images of the fracture surface of DGEBA containing 10 vol% of 
different sized nanosilica particles: a) 170 nm, b) 74 nm, and c) 23 nm. (Debonded 
particles are circled) 
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2.3.8.2 Matrix shearbanding mechanism 
 
Figure 12 shows TOM micrographs taken at the fracture surface of 3PB 
specimens.  Subsurface damage is represented in the bottom halves of each image and 
the crack growth direction is from left to right. Figure 12A, B, and C show TOM 
micrographs taken under bright field (left) and polarized light (right) of 170 nm, 74 
nm, and 23 nm systems, respectively. The dark bands shown in Figure 12(A-C) 
represent dilation bands caused by stress concentrations around the silica particles. 
Under cross polarized light, birefringence is seen, which typically indicates matrix 
shear yielding or shearbands. The massive shear banding was originally found for 
rubber toughening epoxy [44]. Later, Lee and Yee [45] observed “microshear 
banding” as another major toughening mechanism in micron-sized silica filled epoxy 
resins. However, the energy dissipation through this mechanism was thought to be 
insufficient to be responsible for the overall increased toughness in glass spheres 
filled epoxy systems. Interestingly, these toughening mechanisms are observed as a 
dominant contribution to overall toughness of nanocomposites. 
The size of both dilational bands and shear bands increases with increasing 
filler content.  It can be seen that the size of these bands increases by twice as much 
for 10 vol% to 20 vol% filler content. However, the particle size of fillers does not 
significantly affect the size of these bands. For the same concentration of fillers, the 
size of the dilational bands and shear bands for the 170 nm and 74 nm particle sizes 
are about the same. For the 23 nm, the size of these bands is measured to be smaller 
than the larger particle systems. This difference could be attributed to KIC values for 
the 23 nm particles sizes that are slightly lower than that of the 170 nm and 74 nm, 
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resulting in the smaller plastic zone sizes. Usually, diffuse shear yielding is initiated 
by debonding of inorganic particles whereas debonding of glass beads trigger diffuse 
shear yielding around the cavity of the matrix left by debonded particles. These two 
processes are usually found concurrently. Thus, another possible explanation for the 
smaller plastic zone size of the 23 nm particles could be attributed to the inability to 
debond the 23 nm particles as suggested from the SEM micrographs.  
The depth of the plastic zone can be predicted using Irwin’s model 
[46]assuming linear elastic fracture mechanics (LEFM) behavior. Under plane strain 
condition, the radius of the plastic zone size is given by: 
      16 
where rp is the radius of the plastic zone and equals the depth of plastic zone size 
shown in Figure 12 and σy is the yield stress obtained from the experimental data 
from tensile test. According to Irwin’s equation, the value of plastic zone size is 
proportional to the KIC
2
values. The yield stress for the nanosilica filled epoxy (shown 
in Figure 7) is observed to be constant. Figure 13, 14, and 15 compare the measured 
plastic zone size from the micrographs plotted against Irwin’s predicted values 
of(KIC/ σy)
2
for the 170 nm, 74 nm, and 23 nm, respectively. The solid linear lines 
represent the fit of predicted values to the experimental results. The slopes for the 170 
nm, 74 nm, and 23 nm are calculated to be 0.047, 0.040, and 0.041, respectively. The 
(KIC/ σy)
2
 value from the Irwin’s model is 0.053  or  (1/6π). Liang and Pearson [8] had 
also calculated the slope from their experimental results and reported 0.045 for their 
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80 nm-sized silica filled epoxy resin. It shows that Irwin’s predictions are in a good 
agreement with the experimental results for the 170 nm.  
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Figure 12. TOM micrographs of nanosilica filled DGEBA at different particle sizes 
and different volume fraction of fillers under bright field (left) and cross polars 
(right): A) 170 nm, B) 74 nm, and C 23 nm. 
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Interestingly, from prior work on polymers associated with micron-sized 
inorganic particles, many attempts have been made to predict the size of the process 
zone using Irwin model [45, 47, 48]. No agreement between the model and 
experimental measurement has been reported and the discrepancy was attributed to 
the inaccurate measurements of yield stress.  However, this discrepancy could also be 
attributed to an inappropriate use of the model. The model only considers the shear 
yielding mechanism as the only deformation mechanism in the process zone. Clearly, 
in micron-sized rigid particle filled polymers, other toughening mechanisms such as 
microcracking or particle bridging should also be considered. There can always be an 
interaction among those mechanisms in the process zone. In addition, the model is 
derived for homogeneous materials. For the systems associated with inorganic 
particles comparable to or larger than the crack tip radius, it can be thought that the 
stress distribution near the crack tip could be disturbed by the existence large 
particles.   
The results from the current investigation suggest plastic deformation at the 
crack tip plays an important role in the toughening mechanism in a nanosilica filled 
system. In addition, the KIC values strongly affect the size of these bands. Therefore, 
debonding/shear banding is likely to be the major contributor to the toughening by the 
addition of nanosilica particles into epoxy resin.  
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Figure 13. Measured plastic zone size for epoxy resin containing 170 nm silica 
particles (symbols)plotted against K
2
IC/ σ
2
y(solid line). 
 
Figure 14. Measured plastic zone size for epoxy resin containing 74 nm silica 
particles (symbols)plotted against K
2
IC/ σ
2
y(solid line).  
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Figure 15. Measured plastic zone size for epoxy resin containing 23 nm silica 
particles (symbols) plotted against K
2
IC/ σ
2
y (solid line).  
 
2.3.8.3 Modeling increases in toughness 
 
There have been many proposals for the toughening mechanisms applied to 
inorganic filled epoxy system, including crack pining and bowing [5], microcracking 
[49], particle bridging [50], and microshearbands [45]. Note that these mechanisms 
originated from micrometer-sized particles. Only several of these toughening models 
are applicable for the increased toughness in nano-sized silica particles. Based on the 
experimental studies described above and in previous studies [3, 8, 9], the major 
toughening mechanisms for epoxy-nanosilica composite are the matrix shearbanding 
process and the debonding of nanosilica particles which enables the formation of 
plastic void growth in the matrix. However, the effect of nanosilica particle size on 
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toughening mechanisms based on plastic void growth and shearbanding mechanisms 
has not been published.  
The current investigation provides evidence of debonding of nanoparticles and 
the shear banding as the major toughening mechanisms in epoxy containing 
nanosilica particles. The two toughening mechanisms are schematically depicted in 
Figure 16.  Figure 16 represents the process zone of 3PB specimen near the crack tip 
where particle debonding with subsequent void growth takes places and these voids 
consequently trigger matrix shear bands inside the plastic zone.  
 
 
Figure 16. A schematic representation of plastic void growth and matrix shear 
banding mechanisms observed involved in the fracture of nanosilica filled epoxy 
resins. The diameter of plastic or process zone is 2ry.  
 
The model by Huang and Kinloch [51, 52] will be used to predict the fracture 
energy for the current systems. Huang and Kinloch [52] calculated the increase in 
fracture energy of particle-modified epoxy, GIC, as  
               (17)  

GI CGI CU
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Where GIC is the fracture energy, GICU is the fracture energy of unmodified epoxy, 
and  is the total additional energy dissipated per unit area. Based on Kunz-Douglass 
et al.[53] the value of  can be expressed as  
Ψ = Gs+Gv+Gr     (18) 
where Gs is the energy contribution from the localized shear banding, Gv is the 
energy contribution from the plastic void growth, and Gr is the energy contribution 
from particle bridging mechanism. Note that this model was originally studied in 
rubber-modified epoxy and the particle bridging is considered as a major toughening 
associated in increased toughness. However, in nanosilica filled epoxies the particle 
bridging mechanism does not occur and will not be considered further. Therefore, the 
shear banding mechanism and plastic void growth are the only two contributions for 
toughening effect in nanosilica-epoxy system. The terms Gs and Gv, are related to 
the size of plastic zone and is calculated by 

GsorGv  2 U(r)dr
0
ry

    (19)
 
where ry is the radius of the plastic zone ahead of the crack tip, r is the distance 
measure from the crack tip and U(r) is the dissipated strain-energy density for the 
respective toughening mechanism. Each toughening contribution will be separately 
discussed below. 
Plastic void growth mechanism 
The energy dissipated from plastic void growth can be calculated based on 
equation 19. With the integration limits from 0 to rp, the expression for the term Gv 
is given as 
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    (20)
 
where yt is the tensile yield stress of epoxy, Vfp is the measured volume fraction of 
the debonded particles, and Vfv is the volume fraction of voids. The value of ry is 
obtained from experimental observation as shown in Figure 12. The increase in 
volume fraction of voids, Vfv-Vfp can be calculated using an average particle size and 
an average void size, which can be directly obtained from SEM micrograph. Huang 
and Kinloch [52] assumed that 
     (21)
 
where Vo and V1 are the volume of materials before and after deformation, 
respectively. By assuming that all the nanoparticles debond with subsequent void 
growth and the matrix does not shrink after voids, Liang and Pearson [8]estimated the 
value of Vfv-Vfp as 

V fv V fp 
vv
vv  vm

v p
v p  vm





   (22) 
where vv and vp are the average volume of voids and NS particles, respectively. The 
volume of matrix around the silica particle, is expressed as vm= vp/ Vfp-vp. Note that 
vm is kept constant before and after voiding. 
Shear banding mechanism 
For the contribution from the plastic shear banding mechanism, it was 
observed that only nanosilica particles are responsible for the shear banding 
mechanism. Therefore, the GsM is negligible and the term Gs can now be expressed 
as  

V1
V0

V fv
V fr
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Gs = GsN       where GsM = 0   (23) 
Based on the model studied by Huang and Kinloch, the expression for the term Gs, 
after taking integration of equation 19, is given as 
 

Gs  0.5Vfyc f f (ry)    (24) 
where 
 

f (ry )  ry
4
3V f






1/ 3

54
35








    (25) 
where Vf is the volume fraction of initial particles or debonded particles. In this work, 
it is taken as the volume fraction of nanosilica particles by assuming that all 
nanoparticles debonded. The ry is the radius of plastic zone for modified epoxy, 
which is obtained experimentally from TOM micrographs Figure 12. It should be 
noted that the value of ry used in the original model [52] and by other investigators [8, 
33] were estimated based on the Von Mises stresses around the particles [54]. 
However, the ry applied in this study were instead obtained from the TOM 
observation. yc and f are the compressive yield stress and yield strain of unmodified 
epoxy, respectively, which can be obtained experimentally.  In this work, the tensile 
yield stress, yt, is used instead of yc where the two are related by the following 
equation:  

ys yc
3  m
3  m





    (26) 
where µm is a material constant which allows for the pressure-dependency of the yield 
stress based on the von Mises yield criterion for glassy polymers [54] which is 
between 0.175 and 0.225 for epoxy resins [54] .  
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Table 6. Parameters used for plastic void growth and shear banding models. 
Parameter Symbol Value Reference 
Tensile yield stress of the epoxy matrix yt 85 MPa Table 2 
Fracture strain of the epoxy matrix f 0.71 [52] 
Concentration factor of the von Mises stress 
in the epoxy matrix 
Kvm 2.22 [51] 
Radius of the plastic zone for the 
unmodified epoxy 
ryu 9 µm Eq. 16 
Pressure dependence factor for the von 
Mises yield criterion for a typical epoxy. 
m 0.2 [52] 
Void diameter of 170 nm 
Void diameter of 74 nm 
Void diameter of 23 nm 
vv
 170
 
vv
74
 
vv
23
 
298 nm 
110 nm 
33.5 nm 
Fig. 11A 
Fig. 11B 
Estimated 
 
2.3.8.4 Comparison between experimental results and model prediction 
 
Based on discussions above, the value of  can be now calculated by 
combining equations 20, 24, and 25 assuming the measured energy contribution is 
due to the shear banding and plastic void growth mechanisms.  
   yfpfvyt
f
yfycff rVV
V
rV 

















 


35
54
3
4
5.0
3/1
            (27) 
The material properties needed for the model are shown in Table 6. It should be noted 
that the void size for the 23 nm particle size used to calculate the energy plastic void 
growth is an approximation since the exact void size of the 23 nm is not available. 
For Equation 27, the average void diameter is approximated by taking an average of 
the increased void size of the 74 nm and 170 nm particle systems.  
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Table 7-9 shows the comparison between the experimental results and the 
model prediction. The energy contribution calculated from each toughening 
mechanisms is also presented separately in  
Table 7-9. For all the particle systems, a considerable overestimation was 
found when comparing the predicted against the experimental measurements. By 
considering the energy contributions from each of the toughening mechanisms, the 
plastic void growth (Gv) seems to be the dominating mechanism for all epoxy filled 
nanosilica systems while shear banding (Gs) represents the smallest contribution to 
the total increase in fracture toughness. The deviation between the model and 
experimental results can be attributed to the following explanations. The model 
assumes that the adhesion between the silica and epoxy phases was poor so that all 
nanosilica particles debond and initiate void growth, which is not the case. This 
model prediction does not agree well with the current experimental observation by 
SEM and TOM.  Based on the SEM micrograph (Fig. 11), only a small fraction of 
nanosilica particles debond and initiate void growth. The volume fraction of 
debonded particles are calculated to be approximately ~ 10 vol% (based on three 
SEM image points per nanocomposites fomulation). It has also been suggested from 
other researchers [33] for similar systems that only 15 vol% of nanoparticles have the 
ability to debond which subsequently creates void growth. This low void fraction 
suggests that the plastic void growth model does not accurately predict the 
experimental results. For the energy contribution from shearbanding, the subsurface 
damage studied by TOM reveals that the fracture toughness of composites can be 
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predicted by the size of plastic zone or shear bands and a reasonable agreement 
between the Irwin’s model and the experimental results is found. This agreement 
suggests that the energy contribution from shear bands should not be the reason for 
the overestimation. In summary, an overestimation in predicting the increased 
fracture toughness can be expected due to inaccurate measurements of the volume 
fraction particle debonding used in plastic void growth calculation. 
Table 7. Comparison between the experimental results and the model prediction of 
fracture energy (KJ/m
2
) for epoxy containing 23 nm particles. 
 
Vol% of fillers 
 
GC 
(measured) 
 
GC 
(predicted) 
 
Gv 
(plastic void growth) 
 
Gs 
(shear bands ) 
0 0.303 - - - 
2.5 0.700 0.7297 0.2179 0.2038 
5 0.742 1.0037 0.4049 0.2908 
10 0.700 1.4063 0.7019 0.3963 
15 0.876 1.6838 0.9165 0.4593 
20 0.866 1.8730 1.0666 0.4984 
25 0.934 1.9948 1.1652 0.5216 
30 0.973 2.0632 1.2222 0.5330 
 
Table 8. Comparison between the experimental results and the model prediction of 
fracture energy (KJ/m
2
) for epoxy containing 74 nm particles. 
 
Vol% of fillers 
 
GC 
(measured) 
 
GC 
(predicted) 
 
Gv 
(plastic void growth) 
 
Gs 
(shear bands ) 
0 0.303 - - - 
2.5 0.707 0.7534 0.2416 0.2038 
5 0.797 1.0456 0.4467 0.2908 
10 0.842 1.4721 0.7677 0.3963 
15 1.050 1.7624 0.9951 0.4593 
20 1.157 1.9573 1.1508 0.4984 
25 1.146 2.0802 1.2506 0.5216 
30 1.264 2.1467 1.3057 0.5330 
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Table 9. Comparison between the experimental results and the model prediction of 
fracture energy (KJ/m
2
) for epoxy containing 170 nm particles. 
 
Vol% of fillers 
 
GC 
(measured) 
 
GC 
(predicted) 
 
Gv 
(plastic void growth) 
 
Gs 
(shear bands ) 
0 0.303 - - - 
2.5 0.684 0.7131 0.2012 0.2038 
5 0.717 0.9741 0.3753 0.2908 
10 0.830 1.3590 0.6547 0.3963 
15 0.983 1.6266 0.8593 0.4593 
20 1.070 1.8110 1.0045 0.4984 
25 1.006 1.9314 1.1018 0.5216 
30 1.030 2.0007 1.1597 0.5330 
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B) 
 
C) 
 
Figure 17. Comparison between the experimental results (symbols) and predicted 
values considered shearbanding and plastic void growth model (solid line), 
considered energy dissipated from void growth only (dotted line), considered energy 
dissipated from shearbanding only (dashed line): A) 23 nm, B) 74nm, C) 170 nm.   
0
0.5
1
1.5
2
2.5
0 0.05 0.1 0.15 0.2 0.25 0.3
F
ra
ct
u
re
 E
n
er
g
y
, 
G
IC
, 
K
J
*
m
-2
 
 
Volume fraction of nanosilica  
74 nm
Overall Fracture Energy
With Void growth model only
With Shearbanding only
0
0.5
1
1.5
2
2.5
0 0.05 0.1 0.15 0.2 0.25 0.3
F
ra
ct
u
re
 E
n
er
g
y
, 
G
IC
, 
K
J
*
m
-2
 
 
Volume fraction of nanosilica  
170 nm
Overall Fracture Energy
With Void growth model only
Wigh Shearbanding only
  113 
If the model by Huang and Kinloch is to be utilized for predicting the fracture 
toughness of epoxy-nanocomposites, the model would have to be modified. The 
number of voided particles that have the ability to debond should be taken into 
consideration because they create void growth. The energy contribution by plastic 
void growth are recalculated and shown in Table 10. A voided fraction of 10 vol% is 
used and also compared with the suggested voided fraction of 15 vol%, reported by 
Hsieh et al. [33]. Note that the value of the shear banding contribution is kept 
constant. The comparison between experimental results and model predictions of total 
GIC (composed of both shear banding and plastic void growth) can be found in Figure 
18(A-C).  The total GIC values calculated with 100 vol%, 15 vol%, and 10 vol% 
voided fraction, are shown as dashed lines, dotted lines, and solid lines respectively. 
It is shown that the best agreement between the GIC results and predicted values are 
found at an estimated 15 vol% for all the nanosilica filled epoxy systems, which is 
consistent with literature [33]. Furthermore, the values of GIC based on the estimated 
10 and 15 vol% void fraction are very similar, and therefore, the 10 vol% is also a 
reasonable estimation to represent the void fraction. This observation suggests that 
not all the nanoparticles dispersed in the epoxy matrix debond and create void 
growth.  In summary from this study, only 10 vol% of total particles are observed to 
undergo void growth mechanisms and a reasonable agreement between the model and 
experimental results is found.  
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Table 10. Modified energy contribution from the plastic void growth mechanism at 
different vol% of debonded particles for epoxy containing 23 nm particles.  
 
Vol% of fillers 
 
Gv 
(plastic void growth) 
 
Gs 
(shear bands ) 
 100 vol% 15 vol% 10 vol% 
2.5 0.2179 0.0327 0.0218 0.2038 
5 0.4049 0.0607 0.0405 0.2908 
10 0.7019 0.1053 0.0702 0.3963 
15 0.9165 0.1375 0.0916 0.4593 
20 1.0666 0.1600 0.1067 0.4984 
25 1.1652 0.1748 0.1165 0.5216 
30 1.2222 0.1833 0.1222 0.5330 
 
 
Table 11. Modified contribution energy from the plastic void growth mechanism at 
different vol% of debonded particles for epoxy containing 74 nm particles. 
 
Vol% of fillers 
 
Gv 
(plastic void growth) 
 
Gs 
(shear bands ) 
 100 vol% 15 vol% 10 vol% 
2.5 0.2416 0.0362 0.0242 0.2038 
5 0.4467 0.0670 0.0447 0.2908 
10 0.7677 0.1152 0.0768 0.3963 
15 0.9951 0.1493 0.0995 0.4593 
20 1.1508 0.1726 0.1151 0.4984 
25 1.2506 0.1876 0.1251 0.5216 
30 1.3057 0.1959 0.1306 0.5330 
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Table 12. Modified contribution energy from the plastic void growth mechanism at 
different vol% of debonded particles for epoxy containing 170 nm particles.  
 
Vol% of fillers 
 
Gv 
(plastic void growth) 
 
Gs 
(shear bands ) 
 100 vol% 15 vol% 10 vol% 
2.5 0.2012 0.0302 0.0201 0.2038 
5 0.3753 0.0563 0.0375 0.2908 
10 0.6547 0.0982 0.0655 0.3963 
15 0.8593 0.1289 0.0859 0.4593 
20 1.0045 0.1507 0.1005 0.4984 
25 1.1018 0.1653 0.1102 0.5216 
30 1.1597 0.1740 0.1160 0.5330 
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B) 
         
C)  
 
Figure 18. Comparison between the experimental results (symbols) and predicted 
values (line) by considering both shearbanding and plastic void growth model. The 
predicted values of GIC are calculated at 100% (black line), 15% (dotted line) and 10 
vol% (line) of voided fraction of nanosilica particles: A) 23 nm, B) 74 nm, C) 170 nm 
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According to Table 10-12, it can be also seen that the energy contribution 
from plastic void is much smaller compared to the energy contribution from shear 
banding where the former can be neglected in some systems.  For example, if the 
toughening contribution was only composed of the shearbanding mechanism by 
assuming that interfacial bonding of silica and epoxy is relatively strong, no 
debonding followed by subsequent void growth will occur. In these systems, the 
debonded particles can trigger only the matrix shear yielding mechanism and the void 
does not continue to grow. Figure 17 (A-C) shows the fracture energy experimental 
results compared with model prediction. The dashed line presented in Figure 17 (A-
C) represents the model prediction for the contribution of shear banding only while 
the dotted line represents the model prediction for plastic void growth only (with 
100% debonded particles). The solid line represents the contribution of the plastic 
void growth together with the shear banding mechanism. Based on this assumption, 
good agreement is only found for the 23 nm systems as shown in Figure 17 (A-C) 
(dashed lines).  The experimental results are found to be closer to the predicted values 
with contribution from shearbanding only. However, underestimation for the 74 nm 
and 170 nm particles systems from the models are observed.  Based on SEM 
micrographs of fracture surfaces, void growth cannot be observed from the 23 nm 
particle systems. Therefore, it is reasonable to neglect Gv in the calculation of the 
overall fracture energy. However, debonding does occur and the voids continue to 
grow via plastic deformation of the epoxy matrix. Therefore this assumption cannot 
translate to all the systems.  This is because the 170 nm and 74 nm fillers show 
debonded particles with subsequent void growth on the fracture surface. This result 
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confirms the previous statement that shear banding is the dominating mechanism for 
the increased toughness and not the plastic void growth.  
In conclusion, based on the experimental observation and modeling studies of 
these two mechanisms, it is shown that the main toughening mechanisms in 
nanosilica filled epoxy resins are shear banding and plastic void growth. Shear 
banding is the dominant mechanism while the plastic void growth is the minor 
mechanism. However, both mechanisms are important. The matrix shear yielding 
mechanism is induced by particles debonding. However, only the ~10 vol% of 
nanosilica particles dispersed in epoxy matrix (assuming all nanoparticles debond) is 
observed to undergo plastic void growth mechanisms. Note that the fraction of voids 
are calculated by manually counting the number voids in the SEM micrographs, 
which is only a selective representation of a small area of the fractured surface. 
Therefore, care should be taken when applying this estimation for a model prediction. 
2.4 SUMMARY 
 
The effect of adding nanosilica fillers to epoxy resins, with particles sizes of 
170 nm, 74 nm, and 23 nm, on the glass transition temperature, coefficient of thermal 
expansion, Young's modulus, yield stress, and fracture toughness was investigated. It 
was found that the addition of nanosilica did not have a significant effect on glass 
transition temperature and the yield stress of epoxy resin. The yield stress and glass 
transition remained constant with decreasing or increasing nanosilica particle size. As 
expected, the addition of nanosilica had a significant effect on CTE, modulus and 
fracture toughness. 
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The CTE values of nanosilica-filled epoxies were found to decrease with 
increasing nanosilica content. The decreases in CTE can be attributed to the much 
lower CTE of the nanosilica fillers. Interestingly, the decreases in CTE showed 
significant particle size dependence. Therefore, the decreases in CTE can also be 
attributed to filler/matrix interactions as a strong interaction restricts the mobility of 
the polymer chains that adhered to the nanosilica surface. In general, the Kerner and 
the Thomas models are likely the most applicable models to predict the CTE of 
nanosilica-filled epoxies. The experimental data for 170 nm and 74 nm follow the 
Kerner model most closely, however, the model is not as accurate for epoxy systems 
containing 23 nm fillers.  
The Young's modulus was found to be significantly improved with the 
addition of nanosilica and increased with increasing filler content. The particle size 
did not exhibit any effect on the Young’s modulus. The Kerner model provided the 
best agreement between experimental results and model predictions.  
The fracture toughness and fracture energy showed significant improvements 
with the addition of nanosilica and increased with increasing filler content. The effect 
of particle size on fracture toughness was negligible. Observation of the fracture 
surfaces using SEM and TOM showed evidence of debonding of nanosilica particles, 
matrix void growth, and matrix shear banding, which are credited for the increases in 
toughness of nanosilica-filled epoxy systems. The use of Irwin’s model can explain 
the relationship between the plastic zone size and fracture toughness for all the 
systems and shows good agreement between the experimental results and model was 
observed. The plastic void growth model was found to overestimate the experimental 
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results over the range of filler content. However, if one considers that only 10% of the 
nanosilica particles debonded, the model was found to follow the experimental results 
very closely.  
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CHAPTER 3 
EFFECT OF BIMODAL PARTICLE SIZE DISTRIBUTIONS ON TOUGHENING 
MECHANISMS IN SILICA NANOPARTICLE FILLED EPOXY RESIN 
3.1 INTRODUCTION  
The fracture toughness of a model epoxy system was enhanced with the addition 
of silica particles shown in Chapter 2. As mentioned previously, unmodified epoxies are 
usually single-phase and very brittle. When rigid particles, such silica nanoparticles, are 
added into the epoxy matrix, the fracture toughness can be greatly increased. In 
particular, rigid nanoparticles can help the matrix respond to the triaxial stresses present 
near the crack tip. Various toughening mechanisms have been proposed to explain the 
increase in fracture toughness, including: plastic void growth in the matrix and massive 
matrix shear banding. Plastic void growth is initiated by debonding process followed by 
subsequently void formation around nanoparticles, whereas matrix shear banding is 
enhanced by plastic deformation ahead of the crack tip.  
The size of silica particles has been shown to dramatically affect crack 
propagation resistance in composites containing micron-size fillers. The toughening 
mechanisms of these micron-size silica filled epoxies have been found to differ from the 
epoxies containing nanometer-size silica particles [1-5].  For micron-size particles, the 
toughening mechanisms involve particle bridging [6], crack pinning/bowing [7], and 
crack path deflection [8, 9]. When nanometer-size particles are used as fillers for epoxy, 
there has been a lack of evidence to indicate that particle bridging, crack pinning and 
crack path deflection mechanisms occur [5, 10]. Instead, particle-matrix debonding and 
matrix shear banding have been observed [5, 11, 12]. The studies found in the literature 
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have focused on the fracture behavior of epoxy resin from a single particle size 
distribution. However, the effect of bimodal particle size distributions on fracture 
toughness has received little attention.  
Only a few studies have considered the effects of multimodal particle size 
distributions on the fracture toughness of filled composites. For example, Kwan et al. 
[13] studied the effect of spherical silica particles using 0.24 and 1.56 µm particle 
diameter. Mechanical properties of this filled epoxy reported that the increased fracture 
toughness is proportional to the volume fraction of a smaller, 0.24 µm diameter, silica 
particles. Greenwood et al. [14] reported that the composition of two different particles 
can provide a significant increase in mechanical properties, including stiffness and 
fracture toughness, because of a more uniform particle distribution that arise due to the 
presence of large particles, which reduces nanoparticle agglomeration. It has been seen 
that the presence of a bimodal particle size distribution gives rise to a synergetic effect, 
enhancing the toughness further. However, all of the proposed mechanisms are based on 
individual contributions of the increased toughness and does not consider detailed 
synergistic effects from multiple toughening mechanisms. Interactions may occur 
between particles with drastic size differences in the stress field immediately ahead of a 
crack, generating an enhanced amount of plastic deformation. 
Several models have been developed to explain the synergistic toughening.  The 
toughening mechanisms based on observations of crack propagation on silica-filled 
polymers can be separated into two categories: those that occur in the crack plane and 
those that occur in the process zone. The first category includes processes occurring 
along the crack plane such as particle bridging and crack pinning [15]. These mechanisms 
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have a direct influence on the stress intensity factor and on the local crack propagation 
resistance of the material. The second category includes mechanisms occurring in a 
process zone such as plastic void growth and matrix shearbanding [16, 17]. These process 
zone mechanisms typically occur in direct proportion with the zone width and contribute 
additively to the toughness [17]. Evans and coworkers [16] proposed that the 
enhancement of toughness can be improved by the combined mechanisms that occur 
along the crack plane (specifically particle bridging) and in the process zone (plastic void 
growth and shear banding). Based on Evans’s concept [16], particle bridging provides an 
additional contribution to the toughness. Since the contribution to toughening from 
plastic dilation and shear bands both scale with the process zone size, this is considered 
multiplicative with particle bridging across the crack surface. These contributions should 
give rise to a multiplicative effect on the toughness of rubber-toughened polymers, 
however, there has been no experimental support for this relationship. Several researchers 
have doubts of the existence of synergism in the toughening mechanisms observed in 
rubber-toughened polymers [16, 18]. In a more recent model, Huang and Kinloch [19] 
calculated the increase in fracture toughness by taking all the possible toughening 
contributions into consideration. Unlike the multiplicative model proposed by Evans, the 
model suggested by Haung and Kinloch considers various toughening mechanisms 
occurring in the epoxy matrix, which additively accounts for the increased toughness. In 
this model, the energy contribution from crack plane mechanisms can be combined 
together with toughness induced by the zone-associated toughening mechanisms to obtain 
the total toughness. Consequently, this model shows that a combination of mechanisms 
determines the toughening of filled polymers and the contributions of these mechanisms 
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result in enhanced toughness. This model has been widely employed to predict the 
increased toughness in polymers associated with rigid particles such as silica but has not  
been used with a bimodal particle size distribution, which will be explored in this thesis.  
In the current investigation, the fracture behavior of epoxies containing mixtures 
of two different size silica particles was studied as a novel approach to toughening epoxy 
systems. The effect of bimodal particle size on the toughening mechanisms for silica 
filled epoxies is reported here. The results and proposals derived from single-particle 
sized systems are first considered and then evaluated for the mixture of bimodal particle 
sizes (micron- and nano-sized particles).  Also, it is of interest to assess whether the 
differences in toughening mechanisms will be a multiplicative or an additive effect.  To 
address these questions, fracture toughness measurements were performed on a ductile 
epoxy containing a mixture of one part micron-size silica particles (avg. dia. = 42 
microns) and one part nanometer-size silica particles of either 23, 74 or 170 nm 
diameter.  The toughening mechanisms were observed through scanning electron 
microscopy (SEM), transmission optical microscopy (TOM), and transmission electron 
microscopy (TEM) of a silica-filled epoxy. The results of this study will determine 
whether multiplicative effects exist with the combined toughening mechanisms for the 
bimodal particle systems to explain the increased toughness found in epoxy resins. 
3.2 EXPERIMENTAL  
3.2.1 Materials 
The epoxy matrix consisted of a standard diglycidyl ether of bisphenol A resin 
(DGEBA) (D.E.R. 331 Dow Chemical Company) and bisphenol-A (Sigma-Aldrich). A 
mixture of two different size distributions of SiO2 based particles was used in this study. 
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Particles with an average particle size of 42 m (Potters Industry Spheri-glass 2900 E-
glass spheres) were used to represent the large particles but nanometer-size SiO2 particles 
were also examined. The silica nanoparticles were received predispersed in DGEBA in 
three sizes; 170, 74, and 23 nm, from the 3M Company. Piperidine (Aldrich) was used as 
a curing agent. Formulations for bimodal systems were prepared with different particle 
size compositions but the same total volume of micro-/nano- particles (concentration was 
fixed at 10 vol%). Five different ratios between micro-size and nano-size particles were 
studied.   The formulations used in this study can be found in Table 1.  
Table 1. Fraction of nanoparticles of silica particles. 
Fraction of 
nanoparticles (Φf) 
Vol% of silica 
nanoparticles (Vfn) 
Vol% of 42µm 
particles (Vfm) 
Total vol% of 
fillers 
0 0 10 10 
0.25 2.5 7.5 10 
0.50 5.0 5.0 10 
0.75 7.5 2.5 10 
1.0 10 0 10 
 
3.2.2 Sample preparation 
The epoxy-based matrix was prepared by mixing the epoxy resin and 24 phr (part 
per hundred parts resin by weight) of bisphenol A at 180 
o
C under vacuum and then 
cooling the mixture down to 85 
o
C. The epoxy was then mixed together with the 
appropriate amount of nanosilica-epoxy concentrate and/or glass bead powder to obtain 
10 vol% of reinforcement by mechanical stirring at 85 
o
C. After degassing under vacuum 
for 4 hours, 5 phr of Piperidine curing agent was added into the suspension and then 
agitated under vacuum for 10 minutes. The composites were then thermally cured at 160 
o
C for 6 hours. The bulk density of the 42 m particles was 2.4 g/cm3, as listed from 
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manufacturer. The density of composites was measured using a pycnometer. The 
calculated densities of the epoxy and the nano-SiO2 were 1.16 g/cm
3
 and 1.92 g/cm
3
, 
respectively. Using the measured densities, the volume percent of nano-SiO2 was 
calculated since the weight percent is known.   
3.2.3 Material Characterization 
A differential scanning calorimeter (DSC, TA Instruments model 2920) was used 
to measure the glass transition temperatures (Tg) of the nanocomposites. Samples of 
approximately 10 mg were sealed in aluminium pans and ramped from 25 to 160 
o
C 
under nitrogen gas at 10 
o
C/min. 
The Young’s modulus (E) and yield stress (y) of the particulate composites were 
measured using a screw-driven materials testing machine (Instron, universal type 5567) 
in tension. All the samples were machined into a dog-bone shape (Type V), with the 
following dimensions: 63.5 mm in length, 3 mm gage section width, and 3 mm in 
thickness. The tensile tests were conducted at a displacement rate of 5 mm/min at room 
temperature, according to the ASTM D638 standard test method.   
Coefficient of thermal expansion (CTE) was investigated using a 
thermomechanical analyzer (TMA2940, TA Instruments). Sample dimensions of 3.0mm 
x 3.0mm x 3.0 mm were used and scans were taken from 25 to 160 
o
C at a heating rate of 
2
o
C/min. The CTE values were evaluated using TMA universal analysis software 
(version 2.6D) and calculated from the slopes of the critical Tg values to ±50 
o
C. All 
reported TMA data were collected from a second heating cycle in order to relieve 
residual stresses. 
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Fracture toughness was determined using a single-edge notch three-point-bend 
(SEN-3PB) test, in accordance to the ASTM D5045 standard. A pre-crack was made by 
lightly tapping a fresh razor blade between the adjoining plates with sample dimension of 
75.6 mm x 12.7 mm x 6.36 mm, yielding a very sharp crack. The tests were performed at 
a rate of 1 mm/min and the span was set to 50.8 mm. Fracture toughness was determined 
in terms of the critical stress intensity factor (KIC) using the relationship in equation 1[20, 
21].  
      
   (1) 
where Y is the shape factor, Pf is the load at the break, S is the length of the span, and a is 
the crack length. The fracture energy (GIC) was calculated by the following equation [21]. 
 
     (2) 
where E is the Young’s modulus of the composite and ν is the Poisson’s ratio of the 
epoxy, which was taken as 0.39 [22]. 
The fracture surfaces of these hybrid nanocomposites were examined using a high 
resolution scanning electron microscopy (HR-SEM, Hitachi model 4300).  All samples 
were coated with a thin layer of sputtered iridium before examination.  
Transmitted light optical microscopy (TOM) was used to determine the extent of 
subsurface damage. Thin sections taken near the center of the SEN-3PB specimens were 
ground and polished using standard petrographic techniques. Thin sections, 
approximately 100 microns in thickness, were then examined under bright field and cross 
polars using an optical microscope (Olympus, model BH2).  
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3.3 RESULTS AND DISCUSSION  
3.3.1 Glass transition temperature 
The glass transition temperatures (Tg) of the neat epoxy and epoxies containing 
mixtures of micron/nanonometer size silica particles are shown in Table 2-4. The Tg for 
the neat resin was determined to be 90.8 
o
C, which is consistent with those by Kawaguchi 
and Pearson [23, 24]. The Tg values of the mixtures of different size silica nanoparticles 
were determined to be the same as the neat resin. These Tg values were found to be in the 
range of 921 oC. Although there are different ratios between micron size and nanometer 
size particles, it can be seen that the change in the fraction of nanoparticles of the two 
different types of particles did not significantly impact the Tg of epoxy composite. Note 
that the Tg values for epoxy in this work are higher than that observed in epoxy 
containing monodispersed particle size distributions found in Chapter 2. This increase is 
due to the use of bisphenol A, which was added to inhibit settling of the larger particles 
before gelation. Bisphenol A increases the viscosity of epoxy matrix as well as 
accelerates the cure kinetics. Note that a Tg of 80.1 
o
C was seen for the unfilled epoxy in 
Chapter 2. A Tg of 90.8 
o
C was observed for the unfilled, BPA-modified epoxy. Increases 
in Tg due to BPA addition for a piperidine cured epoxy was also reported by Yee and 
Pearson [25] for Piperidine catalyzed epoxies cured at 120 
o
C. 
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Table 2. Tg, σy, E, KIC, and GIC values for filled epoxies (10 vol%) containing mixtures of 
42 m+23 nm particles.  
Fraction of 
Nanoparticles (Φf) 
Tg 
(
o
C) 
E, 
(GPa) 
σy 
(MPa) 
KIC 
(MPa*m
0. 5
) 
GIC 
(kJ/m
2
) 
Neat resin 90.8 3.48 80.6 1.07 0.28 
0 90.3 4.20 78.0 1.82 0.68 
0.25 91.2 4.02 77.0 1.97 0.71 
0.5 91.6 4.29 76.5 2.27 1.01 
0.75 89.8 4.19 75.3 2.18 1.00 
1.0 91.0 4.32 80.8 1.96 0.76 
 
Table 3. Tg, σy, E, KIC, and GIC values for filled epoxies (10 vol%) containing mixtures of 
42 m+74 nm particles.  
Fraction of 
Nanoparticles (Φf) 
Tg 
(
o
C) 
E, 
(GPa) 
σy 
(MPa) 
KIC 
(MPa*m
0. 5
) 
GIC 
(kJ/m
2
) 
Neat resin 90.8 3.48 80.6 1.07 0.28 
0 90.3 4.20 78.0 1.82 0.68 
0.25 90.8 4.04 74.9 1.85 0.70 
0.5 92.5 4.17 77.9 2.19 0.97 
0.75 93.6 4.05 75.1 2.17 0.99 
1.0 91.0 4.30 80.1 1.93 0.74 
 
 
Table 4. Tg, σy, E, KIC, and GIC values for filled epoxies (10 vol%) containing mixtures of 
42 m+170 nm particles.  
Fraction of 
Nanoparticles (Φf) 
Tg 
(
o
C) 
E, 
(GPa) 
σy 
(MPa) 
KIC 
(MPa*m
0. 5
) 
GIC 
(kJ/m
2
) 
Nest resin 90.8 3.48 80.6 1.07 0.28 
0 90.3 4.20 78.0 1.82 0.68 
0.25 89.9 4.07 75.1 1.87 0.81 
0.5 93.4 4.24 75.9 2.22 1.02  
0.75 89.7 4.09 78.17 2.14  0.92 
1.0 90.0 4.21 80.4 1.94 0.75 
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3.3.2 Coefficient of thermal expansion 
 The coefficients of thermal expansion (CTE) below Tg for the unfilled and filled 
epoxies are shown in Table 5 and Figure 2.  As expected, all of the filled epoxy systems 
exhibit a lower CTE compared to the unfilled epoxy. The decrease in CTE is due to the 
low CTE of the silica particles. Interestingly, it is revealed that all of the bimodal particle 
mixtures have similar and slightly lower CTEs than that of the unimodal systems when 
compared at the same volume percent.  The largest decrease in CTE below Tg among the 
composites is observed at the fraction of nanoparticles of 0.75 for the composites 
containing a bimodal particle size distribution of 42 m and 74 nm silica. In this 
formulation, the CTE decreases from 77.8 ppm/
o
C for the neat resin to 55.1 ppm/
o
C for 
the composite, with a total reduction of 29.17%. The CTE of all the bimodal systems are 
within the range of 60±4  ppm/ 
o
 C.  However, the small differences are not large enough 
to consider as statistically significant and will not be considered further in this thesis. 
More research would be needed to better understand the role of the bimodal particle size 
distributions on CTE. 
The results for CTE at above Tg of all filled epoxies are shown in Table 5 and 
Figure 3. It is also illustrated that all filled epoxies exhibit lower CTEs compared to the 
neat resin and that the fraction of nanoparticles does not affect the CTE above Tg. 
However, the bimodal particle mixtures exhibit higher CTEs than that of the unimodal 
systems compared at the same volume %. Among all the composites containing bimodal 
particle size distributions (at fraction of nanoparticles of 0.25-0.75), the 42 µm+170 nm 
mixture system shows the largest CTE at 201 ppm/
o
C compared to the CTEs of the 
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unimodal 42 µm system at 175 ppm/
o
C. Note that the CTE of the nanosilica systems is 
180 ppm/
o
C.  
Table 5. CTE values (ppm/
o
C) for filled epoxies (10 vol%) containing mixtures of micron 
and nanometer size particles.  
Fraction of 
nanoparticles (Φf) 
42m+23 nm 42m+74nm 42m+170nm 
Below 
Tg 
Above 
Tg 
Below 
Tg 
Above 
Tg 
Below 
Tg 
Above 
Tg 
Neat resin 77.8 217 77.8 217 77.8 217 
0 63.9 175 63.9 175 63.9 175 
0.25 63.3 196 64.1 195 61.5 201 
0.5 58.3 185 55.6 194 58.5 200 
0.75 56.5 180 61.0 185 57.4 190 
1.0 60.1 180 61.0 180 61.5 180 
 
The differences in CTE are summarized below with regards to the various epoxy 
filled systems.  First, for the study on the effect of CTE as a function of nanoparticle size, 
there does not appear to be any significant effect with regard to the CTE. Second, for the 
single size particle distribution study, the CTE of epoxy containing micron-sized particles 
seems to have a slightly lower value than that of epoxy containing nanometer-sized 
particles, however, the difference is subtle at this particle loading.  Third, for the study on 
the effect of CTE with only nanosilica particles, it was revealed in Chapter 2 that as the 
particle size decreases, the CTE also decreases at the same volume % filler content. A 
similar observation was reported by Qu and Wong [26] for micron-size silica fillers in 
epoxy.  One explanation for this particle size effect on the value of CTE involves the 
higher total surface area for the smaller filler particles given the same volume %. 
Therefore, the particle surfaces restrict the mobility and inhibit deformation of the matrix 
by introducing a mechanical restraint, preventing the expansion of the resin matrix upon 
heating. As the particle size decreases, the surface area of the particles increases with the 
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interfacial area between the filler and the resin, which allows for a decrease in the 
expansion of the matrix. Hence, the lower CTE can be expected. It can be deduced that 
the surface area for the bimodal particle size systems would be higher than that of the 
unimodal micron particle (42 μm) system but lower than that of the unimodal 
nanoparticles (23 nm, 74 nm, and 170 nm) systems, but this is not the case. 
As shown in Table 5, the CTE for epoxy with unimodal particle size in both the 
nanoparticle and micro-particle cases are the same, which is not as expected. However, 
the CTE of bimodal systems would be expected to remain constant or be lower due to an 
increase in surface area of nanoparticles. In the glassy state, the CTEs of the composites 
remained constant with varying composition ratios or nanoparticle contents, which was 
expected. However, at the rubbery state, the CTEs of the composites are found to be 
different. All of the bimodal particle systems exhibit higher CTEs above Tg than that of 
the unimodal particle systems by 15-20 ppm/ 
o
C.  
One possible explanation for this difference could be related to particle debonding 
at the interface. It was observed on the fracture surfaces that with the presence of 
different particle sizes in the epoxy matrix, an increase in number of debonded particles 
for both micron particles and nanoparticles was observed. The presence of micron-sized 
particles was clearly observed to facilitate nearly 100% of nanoparticles to debond from 
the epoxy matrix. This change in mechanisms when the two different particle sizes are 
incorporated into the matrix can also affect the CTEs of the composites. If particle 
debonding occurs at the interface, the particles will not be able to prevent deformation of 
the matrix, which allows more expansion of the resin matrix upon heating. As a result, an 
increased CTE can be expected. The role of particle debonding with a bimodal particle 
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size distribution will be discussed in more detail in section 3.3.6 since more research is 
needed to better understand this phenomenon.  
3.3.2.1 Modeling studies (CTE) 
Various models have been proposed in the literature to predict or approximate the 
CTE of composites materials [28-31]. Among these models, only the models for isotropic 
two-phase materials are considered to estimate composite properties of these epoxy filler 
systems. These models are rule of mixtures (ROM), Thomas, and Kerner. To apply these 
models to the bimodal particle size distribution composites in this investigation, it is 
assumed that at below Tg, all the fillers have the same CTE of 0.55 ppm/
o
C [32, 33]. For 
the CTE at above Tg, the CTE of the unimodal 42 μm particles and nanoparticles (23 nm, 
74 nm, and 170 nm) systems are taken as 3 ppm/ 
o
C [33] and 0.55 ppm/ 
o
C [32], 
respectively. The concepts and assumptions for each model are discussed in the following 
paragraphs.  
The rule of mixture model (ROM) approach for composites is based on the 
volume weighed average of the matrix and dispersed phase properties. It assumes that the 
matrix behaves perfectly as a liquid and that each phase expands independently to each 
other [30] . This model does not consider the mechanical interaction between the phases 
and approximates the CTE of composites based on the assumption that all phases have 
the same mechanical stresses. The ROM relationship is illustrated in equation 3, where α 
is coefficient of thermal expansion (CTE) and V is volume fraction. The subscripts c, f 
and m, denote: composite, particle and matrix, respectively. 

C Vmm Vf f      (3) 
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Several researchers [30, 31] have modified the ROM model to describe the effect 
of reinforcement. One such model was proposed by Thomas [31] , which is a simplified 
modification of the ROM. The model is an empirically based equation and is given as 

C
a Vmm
a V f f
a      (4) 
where exponent a varies from +1 to -1 depending on the particle system. While this 
equation is based on the concepts of the ROM, it does not account for interactions 
between phases. Also, while there is no restriction on shape, the model could be made 
more accurate by including a shape factor term for different shaped particles. 
The Kerner model [30] is an expanded ROM which considers the interaction 
between the reinforcement and matrix as well as the shape of the reinforcement. The 
Kerner model estimates the CTE of composites based on the bulk modulus of the filler as 
well as the matrix. In this model, it is assumed that the composite consists of spherical 
particles dispersed in the matrix and is wetted by a uniform layer of the matrix [30]. The 
composites were assumed to be macroscopically isotropic and homogeneous. The model 
gives the CTE of composite as, 
 
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

       (5) 
The last term of the equation is a measure of the thermal stress occurring in the 
composite systems during temperature changes. The term K is the bulk moduli and 
calculated using the standard relationship [31] :  
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Table 6. Material parameters used in model prediction 
Parameter Symbol Value Reference 
Bulk modulus of epoxy matrix, GPa Km 5.23 Eq.7 
Bulk modulus of nanosilica particle, GPa Kf 35.35 Eq.7 
Shear modulus of epoxy matrix, GPa Gm 1.24 [11] 
Shear modulus of nanosilica particle, GPa Gf 29.91 [11] 
Young’s modulus of epoxy matrix, GPa Em 3.45 Table 2 
Young’s modulus of silica particle, GPa Ef 70 [32] 
Poisson’s ratio of epoxy matrix νm 0.39 [22] 
Poisson’s ratio of silica particle νf 0.17 [32] 
CTE of epoxy matrix, ppm/
o
C αm 81.5 Table 5 
CTE of silica particle at below Tg, ppm/
o
C  Αf 0.55 [32, 33] 
CTE of nanosilica particle at above Tg, ppm/
o
C  α Mf 0.55 [32, 33]  
CTE of 42 μm silica particle at above Tg, ppm/
o
C  α Nf 3    [32, 33] 
 
3.3.2.2 Comparison between experimental results and model prediction 
For the current investigation, the composites consist of two different particle 
sizes. It is assumed that on the micro and nano scale, at below Tg, all the fillers have the 
same CTE of 0.55 ppm/
o
C [32, 33] so that equation 3-5 can be used to predict the CTE at 
below Tg without modification. However, above the Tg, the CTE of nanoparticles and 42 
µm particles are different [32, 33]. The nanoparticles are made of fused silica, which 
exhibit the CTE of 0.55 ppm/
o
C while the 42 µm particles are made of borosilicate, 
which exhibit a different CTE of 3 ppm/
o
C. By taking the different CTEs of fillers into 
consideration, the ROM, Kerner, and Thomos models can be expressed as 

C Vmm V f
M
f
M V
f
N
f
N
      (7)
 

C
a Vmm
a Vf
M f
a Vf
N f
a
    (8)
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The superscripts M and N correspond to the micron particles and nanoparticles, 
respectively. The equations 7, 8, and 9 represent modified ROM, Thomas, and Kerner 
models, respectively.  
Figure 1 shows the comparison of the experimental data for all the formulations 
studied against the model predictions calculated from the ROM, Thomas, and Kerner at 
CTE below Tg. The properties of the nanosilica and epoxy resin used in these models are 
given in Table 6. The bulk moduli of epoxy matrix and fillers are calculated using 
equation 6, and the shear modulus of epoxy matrix and fillers are obtained from the 
relationship [34]: G= E/(2(1+ν). From Figure 2, it is observed that the ROM and Kerner 
models overestimate the CTE for all the composite systems. This overestimation for the 
ROM and Kerner models arises since the interfacial interaction between the particles and 
epoxy matrix are ignored [30], leading to predictions which are greater than the 
experimental data. The same observations were found in the unimodal particle size 
distribution, presented in Chapter 2, therefore the overestimation of the model values is 
not surprising. 
The Thomas model is in good agreement with the experimental CTE values when 
the exponent a equals 0.25 for the 23 nm, 74 nm and 170 nm-sized nanoparticle systems 
co-mixed with 42 µm particles. The good agreement is not surprising because the 
empirical expression fits most filled systems by using an adjustable constant, which is 
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also found for epoxy containing a single particle size. It has been shown, in the previous 
chapter, that for unimodal distributions the value of a depends on the particle sizes, 
however, it is observed here that the values of a are not dependent on the composition of 
silica nanoparticles nor nanosilica content in the composite. The value of a used to fit the 
experimental data of the bimodal particle systems is 0.25 which seems to be smaller than 
that of the a value found in the 23 nm systems (a = 0.34) for the unimodal particle 
system. This conclusion suggests that the bimodal particle systems have more interaction 
between the filler and the matrix. However, note that the value of exponent a can only be 
obtained from experiments and varies from system to system. Therefore, the value of a 
should be taken with caution particularly before being applied for other composite 
systems.  
The results for CTE of nanocomposites in the rubbery state are listed in Table 5. It 
is readily seen that the CTE at the rubbery state is higher than below Tg since the 
materials behave more freely upon heating, which results in higher expansion. The 
experimental results and predicted values of CTE plotted against the fraction of 
nanoparticles for formulations are depicted in Figure 2. The ROM and Kerner models 
best describe the CTE for all the composition systems. For the Thomas model, the value 
of exponent a equals 1, which follows the ROM model. Therefore, the predicted results 
are the same as the ROM for all the particle sizes. It is concluded that the fraction of 
nanoparticles does not have an effect on the CTE since all the data points are at the same 
volume % filler content.   
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Figure 1. Comparison between model prediction and measured values of coefficient of 
thermal expansion (CTE) at below Tg for epoxies containing bimodal particle size 
distribution as a function of fraction of nanoparticles. The total filler content was fixed at 
10 vol.%. 
 
Figure 2. Comparison between model prediction and measured values of coefficient of 
thermal expansion (CTE) at above Tg for epoxies containing bimodal particle size 
distribution as a function of fraction of nanoparticles.The total filler content was fixed at 
10 vol.%. 
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3.3.3 The Young’s modulus 
The results for the Young’s modulus of epoxy containing mixtures of 42 µm+23 
nm, 42 µm+74 nm, and 42 µm+170 nm bimodal particle sizes are shown in Table 2, 3 
and 4, respectively. The increase in modulus for the binary particulate filled systems 
compared with unmodified epoxy is clearly observed. The Young’s modulus for the neat 
resin is 3.48 GPa while the Young’s modulus for the bimodal systems ranged from 4.03 
to 4.29 GPa. The maximum increase in Young’s modulus was found in the 42 µm+23 nm 
system, which increased from 3.48 GPa found for neat resin to 4.32 GPa or an increase of 
24.14%. Figure 3 shows the Young’s modulus (E) for each composite as a function of 
composition ratio. The dashed line in Figure 3 indicates the modulus of the epoxy resin. 
It appears that the fraction of nanoparticles does not impact the E of composites in any 
considerable amount within experimental error. The E with fraction of nanoparticles of 1 
was approximately 6.34 % larger than the E with fraction of nanoparticles of 0. Likewise, 
the Young’s moduli in the single systems exhibited values in a similar range (Chapter 2).  
3.3.3.1 Modeling study (E) 
For estimating the modulus of a composite containing a bimodal particle size 
distribution, the Kerner model is used since this model provides the most reasonable 
agreement between the experimental results and the predicted model for the nanosilica 
filled epoxy (based on Chapter 2). The Kerner equation [35], later generalized by Lewis 
and Nielsen [36, 37], is given by equation 10. The Kerner model predicts the elastic 
modulus as a function of volume fraction and shape of reinforcing particle, where the 
matrix and the particles were assumed to be linear-elastic and isotropic. The Kerner 
model relation is: 
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      (10)
 
where A is a constant (it is usually referred as kE-1, where kE is the Einstein coefficient), 
which depends on the geometry of the filler phase and the Poisson’s ratio for the matrix. 
B is also a constant that takes into account the relative modulus between the filler and the 
polymer matrix. The factor ψ is the maximum packing fraction of the filler into the 
matrix. Constants A (for spherical particles) and B are given by 
 
  (11)
 
The factor ψ, in equation 10, can be estimated using the following relation: 
      (12) 
In the current work, Vm = 0.637 [36] is used. These models, in the current study, were 
evaluated assuming spherical nanosilica filled epoxy resins.   
Table 7. Values of material parameters and constants used in composite modulus 
predictions. 
Parameters Symbol Value Reference 
Bulk modulus of epoxy matrix, GPa Km 5.23 Eq.7 
Bulk modulus of nanosilica particle, GPa Kp 35.35 Eq.7 
Shear modulus of epoxy matrix, GPa Gm 1.24 [38] 
Shear modulus of nanosilica particle, GPa Gp 29.91 [38] 
Young’s modulus of epoxy matrix, GPa Em 3.45 Table 2 
Young’s modulus of silica particle, GPa Ep 70 [32] 
Poisson’s ratio of epoxy matrix νm 0.39 [22] 
Poisson’s ratio of silica particle νp 0.17 [32] 
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3.3.3.2 Comparison between experimental results and model prediction 
The constants for the matrix and fillers used in the calculations are listed in Table 
6. The bulk moduli of the epoxy matrix and the fillers are calculated using equation 6, 
and the shear modulus of the epoxy matrix and the fillers are obtained from the 
relationship [34]: G= E/(2(1+ν). Figure 3 includes the comparison of the Kerner model 
to the experimental data for the Young’s modulus as a function of volume percentage of 
fillers. The Kerner model is in good agreement with the experimental data. Yet this 
consistent fit is not surprising since the Kerner model predicts the Young’s modulus as a 
function of volume fraction and shape of the reinforcing particle but not particle size. It is 
shown that the E is mainly governed by the volume fraction of particles, and the fraction 
of nanoparticles has little or no effect on the E. Therefore, it is not surprising that the 
Kerner model is in good agreement with the experimental results. 
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Figure 3. Comparison between Kerner model and experimental results of the Young’s 
modulus for epoxies containing bimodal particle size distribution as a function of fraction 
of nanoparticles. The total filler content was fixed at 10 vol.%. 
 
3.3.4 Yield stress 
Figure 4 illustrates the results of the yield stress measurements for all the bimodal 
particle size systems mentioned in Table 1. The dotted line shown in the Figure 4 
represents the yield stress for neat resin. The results show that the yield stress does not 
change with the addition of the two different particle size mixtures, nor does it change 
with fraction of nanoparticles. Similar to the single particle system described in Chapter 
2, it was observed that the yield stress of nanocomposites remains constant with filler 
content as well as particle size. Interestingly, for similar epoxy composite systems studied 
by Kawakuchi and Pearson [23], an increase in yield stress with addition of 42 µm sized 
silica particles and filler content was observed.  In order to explain the current data, the 
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adhesion or interfacial strength between particle and polymer matrix should be 
considered. This interaction is particularly important for systems associated with 
nanoparticles, because they impart a large amount of surface area [23, 39]. For the 
systems with good adhesion between filler and matrix, the interfacial bonding strength is 
so strong that the particles are able to dampen the force of the external load. Therefore, 
the yield stress and stiffness of the composite can be higher than that of polymer matrix. 
As shown in the previous section, the composites show an increase in the Young’s 
modulus with addition of bimodal particles, which suggests that stresses are efficiently 
transferred via the interface. An increase in yield stress found in Kawakuchi and 
Pearson’s work [23] can be attributed to a strong bond between particle and polymer 
matrix that gives rise to an increase in yield stress. On the other hand, if the system has 
poor filler-matrix adhesion, the particles are unlikely to sustain any part of the external 
load. Most of the deformation comes from the polymer matrix, where decreased yield 
stress and/or stiffness can be expected. In the case of the current investigation, no 
significant change in yield stress of the epoxy resin is observed with addition of bimodal 
particle size. It has been previously shown in chapter 2 [38] that the addition of silica 
nanoparticles did not affect the yield stress of the epoxy matrix; suggesting that 
additional failure mechanisms introduced by nanoparticles effectively prevent matrix 
deformation. In addition, the current observations suggest that the presence of micron-
sized particles does not heavily affect the failure mechanisms introduced by the 
nanoparticles. 
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Figure 4. Experimental results of yield stress (y) as a function of fraction of 
nanoparticles. The total filler content was fixed at 10 vol.%. 
 
3.3.5 Fracture toughness and fracture energy 
The results of the fracture toughness (KIC) and fracture energy (GIC) of the binary 
mixtures are summarized in Table 2-4. Figure 5 and 6 show the KIC and GIC values plotted 
against the fraction of silica nanoparticles for varying sizes. The KIC and GIC values of the 
composites were much higher than that of the neat resin and were found to increase with 
increasing fraction of nanoparticles, up to 0.5.  The maximum KIC and GIC values are 
found when the fraction of nanoparticles is 0.5 for all the binary systems. Above a 0.75 
fraction of nanoparticles, the fracture toughness and fracture energies for all composites 
slightly decrease. However, the particle size of the nanosilica fillers does not show any 
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significant impact on the fracture toughness of the bimodal composites. The maximum 
increase in KIC is obtained with the binary mixture containing 74 nm and 42 µm particles 
with 0.5 fraction of nanoparticles. Initially, the KIC is 1.1 MPa/m
2
 for neat system and 
increases to to 2.27 MPa/m
2
 when filled. For the GIC, the maximum increase is found 
with the binary mixture of 23 nm and 42 µm, from 0.30 KJ*m
-2
 for the neat resin to 1.01 
KJ*m
-2
 when filled. Compared to the single particle size system at composition ratio of 0 
to 1, it can be seen that the KIC of the composites with a binary mixture of particle sizes 
have a modest but consistently higher fracture toughness compared to that of the single 
particle size counterparts. The same observation is found for the GIC values. 
Figure 5. The fracture toughness (KIC) of epoxy containing bimodal particle size as a 
function of filler fraction of nanoparticles. The total filler content was fixed at 10 vol.%. 
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Figure 6. The fracture energy (GIC) of epoxy containing bimodal particle size as a 
function of filler fraction of nanoparticles. The total filler content was fixed at 10 vol.%. 
 
3.3.6 Toughening mechanisms  
3.3.6.1 Fracture surfaces 
Figure 7 shows SEM images of the fracture surfaces of SEN-3PB specimens near 
the precrack front region of epoxy containing: 42 m (Figure 7a), 42 m+23 nm (Figure 
7b), 42 m (Figure 7c), 42 m+23 nm (Figure 7d), 42 m+74 nm (Figure 7e), and 42 
m+170 nm (Figure 7f) sized particles. These images are at low magnification and 
viewed with an SEM to study the toughening mechanism of the 42 m particles. The 
arrows shown on the upper right of the images indicate the crack propagation. For epoxy 
containing one particle size of 42 m, a random particle distribution of 42 m was 
observed as shown in Figure 7a. The inset shown in Figure 7a reveals the presence of the 
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crack pinning and bowing of the 42 µm particles [7, 15]. The particles were observed to 
stop the crack propagation by a pinning effect, which forces the crack propagation to bow 
out around the particles. As a result, fracture energy can be dissipated by this mechanism. 
The crack pinning mechanism is also known as the “line tension effect” and can be 
identified by the presence of bowing lines on the fracture surface (indicated as black 
dotted line in Figure 7a). In many studies [15, 24, 40], the crack pinning mechanism is 
considered to be a major toughening mechanism for micron-sized spherical particles. 
Particle debonding was not detected and the particles seem to be adhered well to the 
epoxy matrix.  
 For the bimodal systems as shown in Figure 7(b, d-f), debonding between the 42 
m particles and epoxy matrix is clearly observed on the fracture surfaces for all of the 
bimodal systems. On the other hand, the epoxy containing a single particle size (Figure 
7c) shows no debonded glass beads. This leads to the conclusion that only the glass beads 
in the systems containing nanoparticles can debond from the matrix. The features of the 
debonded particles are similar to an epoxy resin with poorly adhered glass spheres [23, 
24]. This result suggests that the matrix-particle adhesion strength decreases with the 
addition of bimodal particle sizes. However, the yield stress usually decreases with the 
strength of matrix-particle adhesion. For the current system, the yield strength is found to 
be constant, therefore, it is unlikely that the cause of the particle debonding is due to the 
weak matrix-particle adhesion. Additionally, the 42 m sized particles in Figure 7a, 
compared with Figure 7(b, e-d), were received from the same manufacturing sources, but 
different toughening behaviors are observed. It can be thought that there is an interaction 
between the micro particles and nanoparticles, which changes the toughening 
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mechanisms in the bimodal systems.  This result is importance since it suggests that the 
differences in toughening mechanisms observed between bimodal particle systems and 
the single particle systems could be due to the presence of nano-sized silica in the epoxy 
matrix.   
 
Figure 7. SEM images of fracture surfaces of epoxies containing a) 42 m b) 42 m & 
170 nm, c) 42 m & 170 nm, and d) 42 m & 23 nm sized silica where b-c compared at 
the same fraction of nanoparticles (Φf) of 0.5.  
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3.3.6.2 Plastic void growth mechanism 
Plastic void growth mechanisms have been frequently used to explain toughening 
mechanisms of polymers associated with rigid particles such as silica particles [5, 12]. 
These mechanisms were found to be similar to the particle cativation mechanism found in 
rubber-toughened epoxy [19, 22]. The plastic void growth is initiated by debonding of the 
particles, where the debonding process is associated with stress fields that act in the 
vicinity of the particles.  This stress state generates dilation that may cause failure and 
void formation either inside the particle or at the particle –matrix interface. Voids 
observed in the nanosilica-modified epoxy are formed at the particle-matrix interface, 
which is found to be different from voids observed in rubber-modified epoxy [22]. In 
rubber particles, these voids are created internally because the modulus of the rubber 
particles is much lower than the epoxy matrix. In nanosilica-filled epoxy, the particles 
have a much higher modulus than the matrix, therefore, cavitation or voids occur around 
the particle at the particle-matrix interface. Although the void formation or debonding of 
particles was found to dissipate some energy, this process can further initiate void growth 
and the formation of shear bands, which results in more dissipated energy during fracture.  
Figure 8 and Figure 9 show fracture surfaces of epoxies containing 42 m+170 
nm and 42 m+74 nm sized particles, respectively, compared at different composition 
ratios. A random particle distribution of nanosilica in the epoxy matrix was observed for 
the binary mixture containing 170 nm and 74 nm sized silica particles. The evidence of 
voids around the nanoparticles (indicated in white circles) is shown on all the fracture 
surfaces and the average size of these voids is seen to be larger than the original particles. 
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Voids with no particles were also found on fracture surfaces (Figure 8e-f). The particles 
associated with these voids may be situated in the opposite fracture surface, or might 
have fallen out completely during fracture; as is observed with micro-particles shown in 
Figure 8b. The void size is approximately 1.5 times larger than that of the initial silica 
particle size, suggesting that plastic void growth is the dominant toughening mechanism 
in this case. The mean diameters of the voids created by nanoparticles were measured to 
be 298 nm and 120 nm for the respective 170 nm and 74 nm particle sizes in bimodal 
systems, whereas the mean diameters of 242 nm and 110 nm were measured for the 
respective 170 nm and 74 nm particle sizes in unimodal systems. These observations 
provide evidence of debonding of nanoparticles that allows the energy to dissipate via the 
plastic void growth mechanism; which are responsible for the increase in fracture 
toughness of epoxy systems. For the 23 nm fillers, the particles are hard to detect using 
the SEM and are not presented. However, particle debonding of similar particle size has 
been observed in literature for nanosilica filled DGEBF systems[10].  Additionally, the 
presence of dilation bands as shown in TOM micrographs, which will be discussed in the 
next section, suggests that debonding of the 23 nm particle mixture systems does occur. 
The number of debonded particles observed in the system containing a single 
particle distribution is also found to be different than that found in the bimodal systems. 
For a single particle size distribution system (Figure 8a and Figure 9a), the results show 
that only a small fraction (~10 vol%) of nanoparticles seem to debond during fracture. 
This observation is consistent with the results found in our previous investigation 
(Chapter 2) for toughening mechanisms of nanosilica-filled epoxy. For bimodal particle 
distributed systems, the debonded particles were more clearly observed and defined than 
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that of the single systems. Figure 8b-f and Figure 9b-f show evidence of voids around the 
particles as well as voids which were left by the particles. The SEM images show that 
most of the silica particles tend to debond from the epoxy matrix during fracture and the 
number of debonded particles increases with increasing fraction of nanoparticles.  The 
volume fraction of debonded particles can be calculated to be approximately ~85 vol% 
and 100 vol% for epoxy containing 74 nm+42 μm particle and 170 nm +42 μm particle 
systems, respectively. The calculation is done by counting the fraction of voided particles 
on fracture surfaces, based on three SEM images for each composite formulation. These 
results lead to the conclusion that the presence of micron-sized silica facilitates the silica 
nanoparticles to debond at a greater fraction than in the absence of micron-sized particles.   
The increase in the number of debonded nanoparticles with the epoxy containing 
bimodal particle size distribution could be explained by the interaction of stress fields 
between the 42 μm particles and nanoparticles ahead of the crack tip. The large 42 μm 
particles act as stress concentrators due to the modulus mismatch with the epoxy matrix. 
The stress concentration produced by these large particles magnifies the stress field at the 
crack tip. The nanoparticles can fully bear its share of the load across the crack front 
because of the volume constraint. This highly stressed area can be expected to be much 
larger in size than that without the presence of the large particles. The relatively high 
stress field by the large particles effectively enables the nanoparticles to debond. The 
ability of the nanoparticles to be load-bearing as well as stress concentrators might be one 
of the reasons that particles are particularly effective for toughening the epoxy matrix.  
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Figure 8. SEM images of fracture surfaces of epoxies containing 42 m & 170 nm sized 
silica at different fraction of nanoparticles (Φf): a) Φf = 1, b)  Φf =0.25, c-d) Φf =0.5, and 
e-f) Φf =0.75. 
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Figure 9. SEM images of fracture surfaces of epoxies containing 42 m & 74 nm sized 
silica at different fraction of nanoparticles (Φf): a) Φf = 1, b) Φf =0.25, c-d) Φf =0.5, and 
e-f) Φf =0.75. 
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3.3.6.3 Matrix shearbanding mechanism 
Figure 10, Figure 11, and 14 depict the TOM micrographs, taken at the fracture 
surface of SEN-3PB specimens, showing plastic zone of epoxy containing 42 m with 
170 nm, 74 nm, and 23 nm silica particles, respectively. The horizontal lines that cut 
through the pictures represent the fracture surfaces of the 3PB specimens, where the 
bottom halves illustrate sub surface damage.  The white arrows shown in the Figures 
indicate the crack growth direction. These images were taken under both bright field and 
cross-polar conditions. Under bright field conditions, the dark bands shown in the TOM 
micrographs are observed below the fracture surface and are indicative of dilational 
bands. Cross-polar conditions illustrate bands that are observed as birefringence, which 
typically represents shear banding. The birefringent regions belonging to a crack tip can 
also be indicative of zone shielding mechanism [22].  
Figure 11c shows the presence of 42 µm particles across the crack surface, which 
suggests particle bridging mechanisms. In particle bridging mechanism [6], the particles 
act as an obstacle to span the crack wake and provide surface traction, which can also 
effectively reduce the stress intensity factor, near the crack tip, and enhance the 
toughness. Particle bridging is usually suggested for the well-bonded system [6]. 
However, in bimodal systems, particle-matrix debonding is clearly observed which is 
characteristic of poorly-bonded systems. Therefore, particle bridging should not occur in 
this case. It is, however, hard to detect an occurrence of particle bridging from fracture 
surfaces using SEM images since the sample specimen is completely taken apart, leaving 
particles on either side of the fracture surface. Only a system containing 42 µm +23 nm 
particles (Figure 10c) shows evidence of the particle bridging. In addition, based on the 
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SEM micrographs in the fracture surface study, the evidence of pulled out particles, 
which represents particle bridging, is not observed. Based on these reasons, it is 
suggested that the cause of the debonded 42 m particles found in the binary mixture 
systems cannot be attributed to particle bridging.  
The dark bands and birefringent regions discussed above are similar to those 
found in rubber toughened epoxy [41]. The presence of shear bands is due to stress 
concentration in the epoxy matrix caused by the presence of particles. These shear bands 
were initiated and became localized due to cavitation or debonding of the particles. When 
a load is applied to the specimen, yielding is initiated at the point of maximum stress 
concentration. When the load is further increased, a band of shear-yield material forms at 
an angle of approximately 45
o
 to the applied stress. Therefore these bands can only be 
observed under cross-polarized light using TOM technique. Under bright field, these 
bands are typically referred to dilation bands. Yee and Pearson [25] suggested that 
cavitation or debonding can greatly reduce the degree of triaxial stresses acting on the 
polymer matrix adjacent to the particle. As a result, this stress reduction enables the 
further growth of shear bands [41]. Therefore, increased in toughness can be expected 
due to this combined process. Li et al. [42] further suggested that massive shear-yielding 
mechanisms occurred only when cavitation had already occurred.  
Microshear banding was also observed as one of the main toughening 
mechanisms in glass-bead-filled epoxies suggested by Lee and Yee [43]. However, the 
energy dissipation through this mechanism was thought to be insufficient to be 
responsible for the overall increased toughness in glass-sphere-filled epoxy systems. 
Several researchers [23, 24] observed the formation of microshear bands around the glass 
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beads and found that matrix shear yielding was caused by poor matrix-particle adhesion. 
For strong matrix-particle adhesion, crack pinning and microcracking were the dominant 
toughening mechanisms. In the current investigation, no shear bands had been detected 
for micron-sized silica systems but were observed in systems containing only silica 
nanoparticles. It was also observed that in the bimodal systems, particle debonding of 
micron-sized particles does not generate further plastic void growth. Since these two 
processes (void growth and shear banding) usually occur concurrently, this can explain 
why the formation of shear bands was not observed in micron-sized silica-filled epoxy. 
This debonding of the 42 µm, therefore, may be due to other mechanisms such as crack 
deflection, particle bridging or microcracking.  
Table 8. Comparison between measured and predicted plastic zone sizes of bimodal 
systems. 
Fraction of 
nanoparticles 
42µm+23 nm (µm) 42µm+74 nm (µm) 42µm+170 nm (µm) 
Measured Predicted Measured Predicted Measured Predicted 
Neat resin N/A* 9 N/A 9 N/A 9 
0.25 N/A 33 N/A 32 N/A 33 
0.5 22 46 24 41 17 42 
0.75 18 42 19 44 21 46 
1.0 28 31 26 31 24 30 
*N/A = not applicable 
The depth of the plastic zone is measured and presented in Table 8. Note that only 
the bimodal systems, which contain silica nanoparticles that are able to generate shear 
bands, are present in Table 8. The plastic zone size of neat resin and the bimodal system 
at fraction of nanoparticles of 0.25 are very small and hard to detect, therefore, that data 
are presented as N/A (not applicable).  It is shown that the plastic zone depths of the 
bimodal systems are small compared to the depth of the plastic zone size of the single 
particle size system at the same total vol%. The size of the plastic zone has been reported 
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to be dependent on the KIC values and can be predicted using Irwin’s model [44]. The 
radius of the plastic zone size under plane strain condition can be predicted by: 
       (13) 
where rp is the radius of the plastic zone, which is the depth of plastic zone size shown in 
Fig. 10-12 and σy is the yield stress obtained from the experimental data from tensile 
testing. According to Irwin’s equation, the value of plastic zone size is proportional to the 
KIC
2
. The yield stress for the nanosilica filled epoxy (shown in Figure 4) is observed to be 
constant. The results of the measured plastic zone size from the TOM micrographs and 
the predicted values from Irwin’s model for the 42µm+170 nm, 42µm+74 nm, and 
42µm+23 nm particle sized mixtures are tabulated in Table 8. It shows that Irwin’s 
predictions are not in a good agreement with the experimental results for all the bimodal 
systems. This could be attributed to the following reasons. Firstly, the model is originally 
derived for homogeneous materials. For the systems investigated in this study, there are 
two different particle sizes where one is of comparable size to or larger than the crack tip 
radius. Therefore, the stress distribution near the crack tip could be perturbed by the 
existence of the large particles. Secondly, the model only considers the shear yielding 
mechanism as the deformation mechanism in the process zone. Since the current systems 
being investigated are mixtures of the 42µm and nanosilica particles, only silica 
nanoparticles can contribute to plastic shear deformation. Clearly, other toughening 
mechanisms, such as particle debonding with subsequent void growth, should also be 
considered; since there could be interactions among these mechanisms in the process 
zone. Therefore, an overestimation between the experimental values and the model can 

rp 
1
6
K IC
 y






2
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be expected. In addition, the increased KIC values for the bimodal systems were found to 
be higher than the KIC values of the single systems, but the plastic shear deformation is 
not entirely responsible for the increased fracture toughness. It can be thought that the 
combined toughening mechanisms of the 42 µm and silica nanoparticles are not 
multiplicative but additive. The results suggest that not only are there shearbanding and 
matrix dilations present at the crack tip but other contributions to toughening such as 
micro cracking, which, may also play an important role in terms of the toughening 
mechanisms in the bimodal systems.  
According to the original concept derived from rubber-modified polymers, 
massive shear-yielding mechanisms occur at crack tips only when massive rubber particle 
cavitation existed. In this research, the size of the matrix dilation bands and shear bands 
did not scale with the number of debonded particles. Additionally the size of the plastic 
zone for an epoxy with 10 vol% of the single particle system is 28 µm, which is larger 
than that of the epoxy containing a bimodal mixture. Therefore, it can be deduced that in 
systems with a large number of cavitated particles, one would expect to see a 
proportional amount of plastic shear deformation, which does not occur in this case. It 
can then be concluded that not all debonded particles found for nanosilica filled epoxy 
can induce plastic shear deformation. However, debonding is still needed in order to 
initiate plastic dilation and shear bands.   
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Figure 10.Plastic zone near the crack tip of bimodal systems under TOM microscopy  
showing dilation bands and shear bands of epoxies containing 42 m & 23 nm sized 
silica at different fraction of nanoparticles (Φf): a-b) Φf = 0.5, c-d) Φf =0.75. 
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Figure 11.Plastic zone near the crack tip of bimodal systems under TOM microscopy  
showing dilation bands and shear bands of epoxies containing 42 m & 74 nm sized 
silica at different fraction of nanoparticles (Φf): a-b) Φf = 0.5, c-d) Φf =0.75. 
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Figure 12.Plastic zone near the crack tip of bimodal systems under TOM microscopy  
showing dilation bands and shear bands of epoxies containing 42 m & 170 nm sized 
silica at different fraction of nanoparticles (Φf): a-b) Φf = 0.5, c-d) Φf =0.75. 
 
3.3.7 Toughening models 
There are many proposed models for toughening mechanisms applied to silica- 
filled epoxy over the range of particle sizes as mentioned previously in Chapter 1 and 2. 
However, each proposed toughening mechanism only accounts for the observed 
toughening effects in epoxy containing a single particle size distribution.  None of these 
mechanisms have been used to explain the increased toughness in bimodal systems. In 
addition, these models do not consider detailed synergistic effects from multiple 
toughening mechanisms, where interaction between different toughening mechanisms 
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can give rise to improved overall fracture toughness. Currently, quantitative analysis for 
the case of bimodal particle size distribution for epoxy-silica composite has not been 
studied. Based on the experimental results described above, it is revealed that there are 
three main toughening mechanisms associated with the increase in fracture energy of 
epoxy containing a bimodal particle size distribution. These mechanisms are i) debonding 
of silica nanoparticles which enable plastic void growth of epoxy matrix, ii) matrix shear 
yielding which occurs between the nanosilica particles, and iii) particle debonding with 
subsequent void growth of micron-sized silica particles. These three mechanisms are 
schematically represented in Figure 13.  
 
 
Figure 13. A schematic representation of the different toughening mechanisms involved 
in the fracture of epoxy containing bimodal particle size distribution. The diameter of 
plastic or process zone is 2ry.  
 
 
2ry 
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To predict increased fracture energy, several models have been developed to 
explain the synergistic effect, which balances all of the possible mechanisms responsible 
for increased toughness. These models are based on mechanism interaction or 
combination during crack propagation. The first model was proposed by Huang and 
Kinloch [19, 45]. The second model is the multiplicative model proposed by Evans and 
coworkers [16]. Note that both models were originally employed to predict the increased 
toughness in polymers associated with rubber particles. The following sections discuss 
the two toughening models for the present bimodal particle size distribution systems, 
followed by a comparison of the theoretical prediction to the experimental data.  
3.3.7.1 Model by Huang and Kinloch 
Huang and Kinloch [19] calculated the increase in fracture toughness by taking all 
of the possible toughening contributions into considerations. The increased fracture 
energy of particle-modified epoxy, GIC, proposed by Huang and Kinloch for a modified 
epoxy can be written as  
                (14)  
where GICU is the fracture energy of unmodified epoxy and  is the total additional 
energy dissipated per unit area in modified epoxy due to the presence of particles. This 
model considers various toughening contributions present in epoxy matrix. These 
toughening contributions can be separated into two categories: processes occurring along 
the crack plane and process occurring in the process zone. The first category includes 
particle bridging, crack pinning and microcracking. The second category encompasses 
plastic void growth and matrix shearbanding. The contributions of both mechanisms 

GIC GICU
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result in the enhancement of toughness. Since the current systems consist of two different 
particle sizes, the value of  can be expressed as:  
Ψ = M + N      (15) 
where M and N represent the total energy dissipated in the epoxy matrix due to the 
presence of micro-particles and nanoparticles, respectively. The energy contribution from 
each of the different particle sizes will be discussed separately in the following section. 
3.3.7.1.1 Toughening contribution from silica nanoparticles 
The total energy dissipated due to the presence of nanoparticles is associated with 
the contribution from plastic void growth and shear banding. The value of N can be 
expressed as  
 N = GNS+GNV     (16) 
where GNS is the energy contribution from the localized shear banding and GNV is the 
energy contribution from the plastic void growth. These two terms, GNS and GNV, are 
related to the size of plastic zone and is calculated by 

GsorGv  2 U(r)dr
0
ry

    (17)
 
where ry is the radius of the plastic zone ahead of the crack tip, r is the distance measure 
from the crack tip and U(r) is the dissipated strain-energy density for the respective 
toughening mechanism. Each energy contribution from plastic void growth and 
shearbanding will be discussed separately below. 
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3.3.7.1.1.1 Toughening contribution from plastic void growth  
 The expression for the term GV, with the integration limits taken from 0 to rp 
from equation 17, is given as 

GNV yt (Vfv Vfp)ry     (18)
 
where yt is the tensile yield stress of the epoxy, Vfp is the measured volume fraction of 
the debonded particles, and Vfv is the volume fraction of voids. The value of ry can then 
be expressed as  

ry Kvm
2 1
m
31/ 2






2
ryu
       (19)
 
where  Kvm is the maximum stress concentration factor of the von Mises stress in the 
epoxy matrix, ryu is the radius of the plastic zone for the unmodified epoxy (and can be 
calculated using equation 13), and m is a factor for the pressure dependence of the von 
Mises yield criterion for glassy polymers. The values of m are between 0.175 and 0.225 
for epoxy resin [19]. By combining equation 13, 18, and 19, the GNV can now be 
expressed as 

GNV  1
m
3





V fv V fp Kvm2  ycryu
    (20)
 
The increase in volume fraction of voids, Vfv-Vfp can be calculated using an 
average particle size and an average void size, which can be directly obtained from an 
SEM micrograph. Huang and Kinloch [19] assumed that 
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
V1
V0

V fv
V fr       (21)
 
where Vo and V1 are the volume of materials before and after deformation, respectively. 
By assuming that all the nanoparticles debond with subsequent void growth and the 
matrix does not shrink after voiding, the value of Vfv-Vfp can be estimated as [5] 

V fv V fp 
vv
vv  vm

v p
v p  vm





    (22) 
where vv and vp are the average volume of voids and nanosilica particles, respectively. 
The volume of the matrix around the silica particle, is expressed as vm= vp/ Vfp-vp. Note 
that vm is kept constant before and after voiding.  
3.3.7.1.1.2 Toughening contribution from shear banding  
With regard to the contribution from the plastic shear banding mechanism, the 
expression for the term GNS, after taking integration of equation 17, is given as 
 

GNS  0.5Vfyc f f (ry)     (23) 
where 
 

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3V f

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1/ 3

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35








     (24) 
where Vf is the volume fraction of initial or debonded particles. In this work, it is taken as 
the volume fraction of silica nanoparticles with the assumption that all of the 
nanoparticles debonded. yc and f are the compressive yield stress and yield strain of 
  168 
unmodified epoxy, respectively, which can be obtained experimentally.  The ry is the 
radius of the plastic zone or process zone for modified epoxy, which is obtained from 
equation 19. The value of GNS can now be expressed as 

GNS  0.5 1
m
3




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
2
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Kvm
2 V f yc f ryu
    (25)
 
In addition, for the current investigation, the value of yt is used for yc, where the 
two are related by the following equation: 
 

ys yc
3  m
3  m





      (26) 
where µm is a material constant that allows for the pressure-dependency of the yield 
stress.   
3.3.7.1.2 Toughening contribution from micron particles 
Based on experimental studies, the particle debonding with subsequent void 
growth observed for the bimodal systems was mostly attributed to the micron-size 
particles. Note that the energy contribution from particle bridging is not considered. As 
shown by the experimental results, evidence of particle bridging was not clearly observed 
in bimodal systems and should not be considered for reasons discussed previously. 
Therefore, the energy contribution from particle bridging will not be added in the 
calculation of  for the bimodal systems. However, the model will still be used to predict 
the increased fracture energy in the unimodal particle size distribution case (for the 42 
μm particles at fraction of nanoparticles of 0).  
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3.3.7.1.2.1 Toughening contribution from plastic void growth 
The value of  M due to the presence of micron particles can be expressed as  
 M = GMV        (27) 
where GMV is the energy contribution from the plastic void growth. The term GMV can 
also be calculated using the plastic void growth model by Huang and Kinloch [19], which 
as previously discussed, and can be expressed as 

GMV  1
m
3





V fv V fp Kvm2  ycryu
    (28)
 
The exact values of Kvm and m used for the GMV prediction are not known. 
Consequently, the values given for nanoparticles in Table 9 will be employed. In order to 
use the plastic void growth model to calculate the value of GMV for the current systems, 
it is important to make sure that the appropriate model is used. Also, it is important to 
make sure that the void growth generated by micro-particles has the capacity to increase 
the fracture toughness.  
Figure 14 shows the fracture surface of DGEBA containing 42 μm particles 
studied by Kawakuchi and Pearson [24]. Significant particle-matrix debonding with 
subsequent void growth is clearly observed in their study. However, the contribution 
from matrix shear yielding was not observed for the system shown in Figure 14. The 
epoxy matrix used in Kawakuchi’s study was an epoxy/piperidine system, which is 
similar to the current study. Therefore, the experimental KIC results from these authors 
can be used to evaluate the plastic void growth model. The purpose of this investigation 
is to make sure that the plastic void growth can be used to accurately predict the fracture 
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toughness of micron-sized particle-filled epoxy. The value of GMV can now be 
calculated from equation 28. The void size of 50 μm in diameter is used for calculating 
the value of (Vfv-Vfp). The experimental values of GIC are calculated by using equation 1 
where the KIC values are obtained directly from Kawakuchi and Pearson’s work [24]. 
However, the value of the Young’s modulus (E) for this calculation is not provided. It has 
been reported from the current study (Figure 3) that, at 10 vol% the particle size does not 
significantly affect the Young’s modulus. Therefore, the values of E used for the GIC 
calculation are obtained from the E values of the nanoparticles reported in chapter 2 for 
the 170 nm nanoparticle system.  It should be noted that the exact values of the various 
parameters used for the GMS model calculation of the micron-sized particles are not 
known. Therefore, calculation of GMV considered in this plastic void growth model is an 
approximation and that predicted values should, therefore, only be considered as 
approximate values.  
Figure 15 shows a comparison between Kawakuchi’s experimental results and the 
model prediction plotted against volume fraction of filler. A good agreement between the 
experimental data and the model prediction is observed. It can be concluded that the 
plastic void growth model can be quantitatively used to predict the increased fracture 
energy in the systems associated with particle debonding and void growth. Therefore, by 
using the same parameters, the values of GvM can be estimated and will be utilized in 
predicting the fracture toughness of the bimodal particle systems.  
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Figure 14. An SEM images of the process zone on the fracture surface of DGEBA 
containing 42 m particles (denoted as LGS(10)-n BS-B from reference [24]). Significant 
particle-matrix debonding is clearly observed. The size of the void is approximately 50 
m in diameter.  Reproduced from reference [24].  
 
Figure 15. A comparison between experimental results and plastic void growth of 
fracture energy (GIC) plotted against volume fraction of fillers. The experimental results 
of fracture toughness is obtained from the work by Kawakuchi and Pearson [24].  
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3.3.7.1.2.2 Toughening contribution from crack pinning and bridging (for micron 
particles in unimodal particle size distribution only)  
 The toughening contribution from crack pinning and bridging in micron-sized 
silica-filled epoxy, was originally developed by Lange [15] for crack pinning and 
modified later by Rose [46]. The model states that rigid particles can act as pinning points 
while the crack propagates through the matrix during fracture. The rigid particles can also 
bridge across the crack surface and try to prevent the crack propagation. Both the crack 
pinning and crack bridging mechanisms are thought to occur concurrently. Rose [46] 
developed an expression for the fracture toughness of composites, Kc, which is based on 
the energy dissipation of a crack surface impermeable by rigid particles [46]. The 
equation for Kc is given as 
      (29)
 
where K0 is the fracture toughness of neat resin, 2s is the surface-to-surface obstacle 
spacing, 2r is the diameter of the particles,  is the center-to-center obstacle spacing, KL 
is a limiting stress intensity factor that specifies the failure of the trailing end of the 
reinforced zone, and F1 is an interpolating function constructed to reproduce the correct 
asymptotic expansions.  
To calculate the increased fracture energy based on Rose’s model, the value of 
KL/Ko is required.  The KL/Ko of a material is an adjustable parameter used in the model 
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calculation to fit the experimental data for a given system. Therefore, the value of KL/Ko 
can only be obtained experimentally, and it strongly depends on the size of the inclusions. 
The current study adapted the KL/Ko from reference [24] since both studies used 42 m 
particles in the epoxy system. Note, however, that although the values of KIC used to 
compare with Rose’s model are obtained from the same source as those used to compare 
with the plastic void growth model by Huang and Kinloch (see 3.3.7.1.2.1), the KIC 
values are obtained from a different system. In Rose’s model, the KIC values were 
obtained from 42 m particles with well bonded systems, which showed evidence of 
crack pinning and bridging mechanisms. Figure 17 shows the normalized fracture 
toughness, KL/Ko, plotted against 2r/, which is related to the volume fraction of fillers. A 
good agreement between the experimental data and values obtained via the model 
prediction is observed. The value of KL/Ko is calculated to be 1.414. In Rose’s study on 
alumina trihydrate polymer composite [6], KL/Ko was calculated to be in between 1 and 
1.6  where their particle size of study is in the range of 1-7 m.  
 
Figure 16. An SEM image of the process zone on the fracture surface of DGEBA 
containing 42 m particles. Crack pinning is observed on fracture surface. Reproduced 
from reference [24].  
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Figure 17.  The normalized fracture toughness KL/Ko plotted against 2r/, which is 
related to the volume fraction of fillers. The experimental results of fracture toughness is 
obtained from the work by Kawakuchi and Pearson [24].   
 
By using the same parameters, the values of Gr can be calculated and will be 
utilized when predicting toughness in the unimodal systems of the 42 m particle. The 
values of GIC can be expressed as GIC(composites) = GIC(unmodified)
 
+Gr, where the fracture 
energy (GIC) can be calculated using equation 1. Table 9 shows a comparison between the 
experimental results and Rose’s model prediction. A good agreement between 
experimental results and model prediction is found, which is consistent with observations 
made in the literature [6] .  
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Table 9.  A comparison of fracture energy based on the toughening mechanisms for 
epoxy containing 42 µm particles only and Rose’s model. The total filler content was 
fixed at 10 vol%. 
 
Vol% of fillers 
 
GIC 
KJ/m
2
 
(measured) 
 
GIC  
KJ/m
2 
(predicted) 
 
Gr 
KJ/m
2 
(predicted) 
 
Nanoparticles 
 
42 µm 
0 100 0.68 0.772 0.494 
 
Table 10. Parameters used for plastic void growth and shear banding models. 
Parameter Symbol Value Reference 
Tensile yield stress of the epoxy matrix yt 80 MPa Table 2 
Fracture strain of the epoxy matrix f 0.71 [19] 
Concentration factor of the von Mises stress in the 
epoxy matrix 
Kvm 2.22 [45] 
Radius of the plastic zone for the unmodified 
epoxy 
ryu 9.34 µm Eq. 11 
Pressure dependence factor for the von Mises 
yield criterion for a typical epoxy. 
m 0.2 [19] 
Void diameter of 170 nm 
Void diameter of 74 nm 
Void diameter of 23 nm 
Void diameter of 42 µm 
vv
 170
 
vv
74
 
vv
23
 
vv
42
 
298 nm 
120 nm 
33.5 nm 
45 µm 
Figure 8 
Figure 9 
Estimated 
Figure 7 
 
3.3.7.1.3 Application of the model to bimodal particle size distribution systems 
Based on discussions above, the value of  can be calculated by combining 
equations 20, 25 and 28 and the model is then modified so that it can be applied to a 
bimodal system. The measured energy contribution is due to the shear banding 
(nanoparticles) and plastic void growth mechanisms (nanoparticles and micron particles) 
and can be expressed as:  
 = GNV +GNS+GMV    (30) 
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The material properties needed for the model are shown in Table 10. It should be 
noted that the energy contribution from micron-sized particles considered in this model 
from the debonding process with subsequent void growth is an approximation; since the 
exact values of the various parameters used in the model for micron-sized particles are 
not known. Therefore, the values given in Table 10 were also used to calculate the GsM. 
The toughening energy can also be predicted for the 42 µm+23 nm bimodal systems, in 
which the void size of the 23 nm is not available. The average void diameter is 
approximated by taking an average of the increased void size of the 74 nm and 170 nm. 
The results for the predicted and measured fracture energy for all the bimodal systems are 
shown in Table 11-13. In addition, each individual contribution from the different 
toughening mechanisms is also considered and presented in Table 11-13.  
 
Table 11. Proportional contributions of the fracture energy based on the toughening 
mechanisms for filled epoxies containing mixtures of 42 µm+ 23 nm particles.  
 
Vol% of fillers 
 
GC 
KJ/m
2
 
(measured) 
 
GC 
KJ/m
2
 
(predicted) 
 
GvM 
KJ/m
2
 
(predicted) 
 
GvN 
KJ/m
2
 
(predicted) 
 
GsN 
KJ/m
2
 
(predicted) 
 
23 nm 
 
42 µm 
0 100 0.68 0.772* 0 0 0 
25 75 0.71 0.748 0.076 0.231 0.163 
50 50 1.01 1.052 0.053 0.430 0.232 
75 25 1.00 1.256 0.027 0.600 0.280 
100 0 0.76 1.420 0 0.745 0.316 
*Crack pinning and bridging. See section 3.3.7.2.2  
(Note that the GIC = 0.278 KJ/m
2
) 
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Table 12. Proportional contributions of the fracture energy based on the toughening 
mechanisms for filled epoxies containing mixtures of 42 µm+ 74 nm particles.  
 
Vol% of fillers 
GC 
KJ/m
2
 
(measured) 
GC 
KJ/m
2
 
(predicted) 
GvM 
KJ/m
2
 
(predicted) 
GvN 
KJ/m
2
 
(predicted) 
GsN 
KJ/m
2
 
(predicted) 74 nm 42 µm 
0 100 0.68 0.772* 0 0 0 
25 75 0.70 0.917 0.076 0.358 0.163 
50 50 0.97 1.271 0.053 0.648 0.232 
75 25 0.99 1.542 0.027 0.886 0.280 
100 0 0.74 1.753 0 1.078 0.316 
*Crack pinning and bridging. See section 3.3.7.2.2  
(Note that the GIC = 0.278 KJ/m
2
) 
 
Table 13. Proportional contributions of the fracture energy based on the toughening 
mechanisms for filled epoxies containing mixtures of 42 µm+ 170 nm particles.  
 
Vol% of fillers 
GC 
KJ/m
2
 
(measured) 
GC 
KJ/m
2
 
(predicted) 
GvM 
KJ/m
2
 
(predicted) 
GvN 
KJ/m
2
 
(predicted) 
GsN 
KJ/m
2
 
(predicted) 170nm 42µm 
0 100 0.68 0.772* 0 0 0 
25 75 0.81 0.997 0.076 0.480 0.163 
50 50 1.02 1.412 0.053 0.849 0.232 
75 25 0.92 1.721 0.027 1.136 0.280 
100 0 0.75 1.954 0 1.359 0.316 
*Crack pinning and bridging. See section 3.3.7.2.2  
(Note that the GIC = 0.278 KJ/m
2
) 
 
By considering only the systems containing one particle size, the model exhibited 
good agreement with experimental results for modified epoxy containing the 42 µm silica 
particles. These results are shown in section 3.3.7.1.3. In the systems with silica 
nanoparticles alone (23 nm, 74 nm, and 170 nm), the model overpredicts the 
experimental data, but this is not surprising. This overestimation has been reported by 
other investigators [5, 10, 47] and was also reported in Chapter 2. This particular 
overestimation can be attributed to the assumptions made for the model calculations, 
normally that all of the particles need to debond and initiate void growth. It has been 
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observed, however, that there is only a small fraction of silica nanoparticles that have the 
ability to debond with subsequent void growth. Therefore, the overestimation observed 
can be expected. The void fraction found for nanosilica-filled epoxy was reported in 
Chapter 2 to be approximately 0.1. If this value is taken into consideration, the predicted 
toughening energy would be 0.77, 0.78, and 0.77 J/m
2
for the system containing 23 nm, 
74 nm and 170 nm, respectively. Compared to the measured energy of 0.76, 0.74, 0.75 
J/m
2
 for the respective systems, it can be seen that the predicted values are close to the 
measured fracture energy.   
For the bimodal systems, the results for the 42 µm+ 23 nm, 42 µm+ 74 nm, and 
42 µm+ 170 nm bimodal particle systems are shown in Table 10. Good agreement 
between the measured values and the predicted values are observed at low vol% of 
nanosilica or high content of micron-sized particles for the 42 µm+ 23 nm case. For the 
formulations where either the vol% of nanoparticles increases or vol% of micron particles 
decreases, the model seems to deviate more substantially from the experimental data.  
The same observation is found for systems containing the 42 µm+ 74 nm particle 
mixture. However, for the 42 µm+ 170 nm bimodal system, the model appears to 
overestimate the experimental results over the full range of nanosilica content. This 
overestimation may be attributed to the larger increase in void size of the 170 nm 
particles, which consequently results in an increased amount of volume fraction of voids. 
The volume fraction of voids, (Vfv-Vfp), used in the model is calculated based on the void 
size obtained from SEM micrographs. The void diameter of nanoparticles found in the 42 
µm+ 170 nm system is larger than that of the other systems, where the void size is 
approximately 1.75 times larger than that of the initial silica particle size. In addition, the 
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void size of the 42 µm+ 23 nm and 42 µm+ 74 nm systems is approximately 1.62 times 
larger than the initial particle size. In comparison with our previous work (in Chapter 2), 
the void size for all the nanoparticles observed in nanosilica-filled epoxy are 
approximately 1.45 times larger than that of the initial silica particle size.  This difference 
may be the reason for the increase in the amount of fracture energy in the bimodal 
systems compared to the single particles size systems, given at the same total volume% 
of fillers.  
Another possible explanation for the overestimation found in the bimodal systems 
is based on the assumption of the model by Huang and Kinloch. This model assumes that 
in the process zone all the particles debond and initiate void growth and shearbands. 
Previously, it has been observed (in Chapter 2) that for epoxy containing only one 
particle size, the increase in void fraction is approximately 10%. However, SEM images 
of the fracture surfaces in Figure 8-10 reveal that the fraction of voids created by the 
nanoparticles in the bimodal systems is approximately 85% for the 42 µm+ 74 nm 
particles and 100% for the 42 µm+ 170 nm particles, which is relatively large compared 
to the void fraction found in a system containing unimodal particle size. Therefore, if the 
model by Huang and Kinloch were to be utilized for predicting the fracture toughness of 
epoxy-nanocomposites, the model would have to be modified. The number of voided 
particles that has the ability to debond which subsequently creates void growth, should be 
taken into consideration. The values of 1 and 0.85 for void fraction of nanparticles will be 
used for the systems containing the 42 µm+ 170 nm particles and the 42 µm+ 74 nm 
particles, respectively. For the 42 µm+ 23 nm bimodal system, however voids cannot be 
detected at this time. Therefore the values of 0.85 (from the 74 nm particles in the 
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bimodal system) and 0.1 (from the 170 nm and 74 nm particles in the unimodal system) 
will be used for void fraction in order to compare results. Note that for the micron 
particles, it is assumed that all the particles debond and initiate void growth. Therefore, 
the void fraction of micron particles in all of the bimodal systems is kept the same as 100 
vol%. 
The comparison between the model prediction and experimental results are 
depicted in Figure 18-20. Interestingly, a good agreement between the model prediction 
and experimental data is found at a void fraction of 0.85 for the 42 µm+ 23 nm and 42 
µm+ 74 nm particle systems. However, in the 42 µm+ 170 nm particle system, the model 
still overestimates the experimental data over the full range of nanoparticle volume 
fraction. With the void fraction of 0.10, as expected, the model shows a large deviation 
from experimental results. This result confirms that approximately 85% of nanoparticles 
in bimodal systems undergo debonding process with subsequent void growth while only 
10% of debonded nanoparticles are observed in unimodal systems. This observation 
confirms that there is an interaction when considering the toughening mechanisms 
between both the micro-particles and the nanoparticles in bimodal systems. The 
debonding mechanism present in the micro-particle results in different mechanisms than 
for the nanoparticles. The one notable difference is that the number of debonded 
nanoparticles was found to be larger in the epoxy containing the bimodal particle size 
than in epoxy containing only a single particle size. This interaction may occur between 
particles with dramatically different sizes in the stress field immediately ahead of a crack 
to give an enhanced degree of plastic deformation.  
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Figure 18. Comparison between the experimental results for 42 m+ 23 nm (symbols) 
and predicted values (lines) by considering shearbanding and plastic void growth model. 
The model assumes 100 % (thick solid line) 85 % (solid line) and 10% (dotted line) of 
voided nanoparticles. All 42 m particles are assumed to debond.  
 
Figure 19. Comparison between the experimental results for 42 m+ 74 nm (symbols) 
and predicted values (lines) by considering shearbanding and plastic void growth model. 
The model assumes 100 % (thick solid line) 85 % (line) and 10% (dotted line) of the 
voided nanoparticles.  All of the 42 m particles are assumed to debond.  
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Figure 20. Comparison between the experimental results for 42 m+ 170 nm (symbols) 
and predicted values (lines) by considering shearbanding and plastic void growth model. 
The model assumes 100 % (thick solid line) 85 % (solid line) and 10% (dotted line) of 
voided nanoparticles. All 42 m particles are assumed to debond.  
 
Tables 11-13 present the individual toughening contributions separately from all 
of the possible toughening mechanisms attributed to the increase in fracture energy. 
Plastic void growth (GNV) induced by nanoparticles seems to be the dominating 
mechanism for all of the bimodal systems, followed by shear banding (GNS) of the 
nanoparticles. The plastic void growth (GMV) by micro-particles contributed the least to 
the increased fracture energy. The values of GNV and GMV are observed to be highly 
sensitive to void size. The small value for GMV can be expected since the increase in 
void diameter of the 42 µm particles is quite small when compared to the nanoparticles 
and is approximately 1.07 times larger than that of the initial 42 µm particle size. For the 
nanoparticles, void sizes are approximately 1.6 times larger than that of the initial particle 
sizes. It can be seen that the increased fracture energy found in bimodal systems is mainly 
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due to the contribution from the plastic void growth mechanism by nanoparticles in 
addition to the matrix shear banding. The contribution from the plastic void growth of the 
micro-particle is shown to be minimal.  
3.3.7.2 Multiplicative model  
Evans et al [16] proposed the multiplicative model which states that the 
enhancement of toughness can be improved by combining of mechanisms that occur 
along the crack plane (particle bridging) and in the process zone (plastic void growth and 
shear banding). The interaction of all these mechanisms contributing to the toughness of 
polymers is considered a multiplicative effect if the increase in fracture energy is scaled 
with the process zone width from contributions by plastic dilation and shear banding, The 
increase in fracture energy is given as: 
ΔGc = βry       (31) 
where ΔGc is the increase in fracture energy, β is a coefficient of the nonlinear 
mechanism that operates in the process zone, and ry is the process zone width. However, 
it was shown from the TOM studies that, for the current investigation, the increase in 
fracture energy does not scale with the size of the matrix dilation bands and shear bands. 
The value of the plastic zone for the system with a single particle size is 28 µm, which is 
larger than that of the mixture system at the same total volume % (as shown in Table 8). 
It has been reported for rubber-modified polymers that massive shear-yielding 
mechanisms arise only when cavitations or debonding has already occurred [41]. 
Therefore, for systems with a large number of debonded particles, one would expect to 
see a large scale of plastic shear deformation, which is not seen in the current study. Also, 
this work clearly shows that the plastic zone size does not increase with number of 
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particles debonded. This result can qualitatively suggest that all the debonded particles 
cannot induce plastic shear deformation. Therefore, only a fraction of debonded particles 
are responsible for triggering shear bands. These observations are consistent and confirm 
the results of the previous investigation, found in Chapter 2.  It can be concluded that the 
multiplicative model cannot be applied to the increased toughness of composites 
containing bimodal particle size distribution. However, there are clearly interactions 
observed between the toughening mechanisms in the binary mixture systems.  
3.3 SUMMARY 
The effect of bimodal particle size distributions in a filled model epoxy resin 
containing a mixture of 42 m with three different nanoparticles sizes of 170 nm, 74 nm, 
and 23 nm, on the glass transition temperature, coefficient of thermal expansion, Young's 
modulus, yield stress, and fracture toughness, was investigated. It was revealed that the 
addition of bimodal particle sizes did not have a significant effect on glass transition 
temperature and the yield stress of epoxy resin. The yield stress and glass transition also 
remained constant regardless of fraction of nanoparticles. As expected, the bimodal 
particle size distribution had a significant effect on CTE, modulus and fracture toughness. 
The CTE values of bimodal particle systems were found to decrease with addition 
of filler content. The decreases in CTE can be attributed to the much lower CTE of the 
both micro- and nano-silica fillers. The nanoparticle size, however, did not show any 
effect on the CTE of the bimodal particle systems. However, at above Tg, the addition of 
the bimodal particle size distributions in the formulation clearly showed an effect in CTE. 
In general, the Thomas model is the most applicable model to predict the CTE of the 
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bimodal systems while the Kerner model was found to overestimate the experimental 
data for bimodal particle systems containing 170 nm, 74 nm, and 23 nm silica particles. 
The Young's modulus was found to be significantly improved with the addition of 
nanosilica, but not by the composition ratio since the nanoparticle size did not exhibit any 
effect on the Young’s modulus. The Kerner model was found to provide an excellent fit 
with the experimental data.  
The fracture toughness and fracture energy showed significant improvements with 
the addition of bimodal particle sizes, and increased with increasing fraction of 
nanoparticles or nanoparticles content. The effect of nanoparticle size on fracture 
toughness, however, was negligible. Also, the fracture toughness of the epoxies 
containing a mixture of silica particles was found to be consistently higher than those 
with a unimodal particle size distribution.  
Evaluation of the fracture surfaces using SEM and TOM showed evidence of 
debonding of silica nanoparticles with subsequent void growth, matrix shear banding, and 
debonding of micron particles with subsequent void growth. The mechanisms are 
credited for the increases in toughness exhibited by the epoxy containing bimodal particle 
size. However, the increased fracture energy found in bimodal systems is mainly due to 
the contribution from the plastic void growth mechanism, by the silica nanoparticles, 
together with matrix shear banding. The contribution from the micron-sized particles, 
such as particle debonding, is shown to be minimal. The use of Irwin’s model cannot 
explain the relationship between the plastic zone size and fracture toughness for all of the 
bimodal systems but the presence of particle debonding is proposed to be responsible for 
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the deviation. The model based on plastic void growth and shear bands was found to give 
reasonable agreement with the experimental results for the bimodal systems containing 
42 m+ 23 nm and 42 m+ 74 nm particles, however, it was found to overestimate the 
experimental data for the bimodal systems containing 42 m+ 170 nm particles.  
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CHAPTER 4 
CONCLUSIONS AND FUTURE WORK 
4.1 CONCLUSTIONS 
Nanosilica filled epoxies are promising materials as underfill resins in flip-chip 
applications. To further develop these materials for enhanced performance in thin 
bondlines, our approach is to decrease the filler size into the nanoscale, which will 
undoubtedly change the mechanical and thermal properties of these composites. At 
this size scale, the filler-filler and filler-polymer interactions will have a profound 
impact on material properties. Nanosilica fillers of 23 to 170 nm in diameter were used 
in this study. A lightly crosslinked epoxy system, bisphenol A based epoxy cured with 
piperidine was used as the base resin formulation. Control samples with 42 m 
diameter silica fillers were investigated in the same epoxy system for comparison 
purposes. The objective of this dissertation is to achieve an in-depth understanding of 
the effect of the filler size and filler content on the mechanical behavior of nanosilica-
filled epoxies. Improved mechanical models will provide guidance for the design of 
future nanocomposites for underfill applications. 
The main research objectives of this dissertation were to: 
1) Investigate the thermal and mechanical properties of different sizes of silica 
nanoparticles and filler contents, including glass transition temperature (Tg), 
coefficient of thermal expansion (CTE), Young’s modulus (E), yield stress (), 
fracture toughness (KIC) and fracture energy (GIC) of model epoxy resins.  
  189 
2) Investigate the effect of various bimodal particle size distribution (micron-size and 
nano-size particles) on thermal and mechanical properties of model epoxy resins 
including glass transition temperature (Tg), coefficient of thermal expansion (CTE), 
Young’s modulus (E), yield stress (), fracture toughness (KIC) and fracture energy 
(GIC).  
3) Evaluate proposed theoretical models of rigid particles filled epoxy systems against 
these nanocomposite materials to best describe the experimental coefficient of thermal 
expansion (CTE), Young's modulus (E), and fracture toughness (KIC) behavior. 
Furthermore, to provide the quality of fit and limitations of each proposed model 
towards the experimental data. 
4) Evaluate the most popular toughening mechanisms theories and estimate the 
contribution of each toughening contribution the overall fracture toughness of these 
nanocomposites. Structure-property-activity relationships for micro- and nano- filled 
reinforcements in epoxy resins are elucidated. The findings from these studies provide 
fundamental insights into the processing and engineering of improved composite 
materials for targeted applications. 
In Chapter 2, the effect of the addition of silica fillers for epoxy resins 
incorporating filler particle sizes of 170 nm, 74 nm, and 23 nm, the glass transition 
temperature (Tg), coefficient of thermal expansion (CTE), Young's modulus (E), yield 
stress (), and fracture toughness (KIC) were investigated. It was found that the 
addition of nanosilica did not have a significant effect on glass transition temperature 
and the yield stress of epoxy resin (DGEBA cured with piperidine). The yield stress 
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and glass transition also remained constant with decreasing or increasing nanosilica 
particle size. However, this research revealed that the addition of nanosilica had a 
significant impact on CTE, modulus and fracture toughness. 
As expected, the CTE values of nanosilica-filled epoxies were found to 
decrease with increasing nanosilica content. The decreases in CTE can be attributed to 
the much lower CTE of the nanosilica fillers. Interestingly, the decreases in CTE 
showed significant particle size dependence below the glass transition temperature. 
Therefore, the decreases in CTE can also be attributed to filler/matrix interactions as 
the strong interaction restricts the mobility of the polymer chains adhered to the 
nanosilica surface. In general, the Kerner and the Thomas models are likely the most 
applicable models to predict the CTE of nanosilica-filled epoxies. The Kerner model 
followed the experimental data for 170 nm and 74 nm closely, however, the model 
deviated from the experimental data for epoxy system containing 23 nm fillers.  
Another important finding of this research was that the Young's modulus (E) 
exhibited significant improvements with addition of nanosilica and increased with 
increasing filler content. An increase in E is due to a high modulus of nanosilica 
particles filled in epoxy matrix. As the nanosilica particles content increased, the 
interfacial area between the filler and the matrix is expected to increase as well as the 
values of E. The particle size, however, did not exhibit any effect on the Young’s 
modulus. The Kerner model provided the best agreement between experimental results 
and model prediction.  
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Lastly for the unimodal particle size distribution systems, the fracture 
toughness and fracture energy showed significant improvements with the addition of 
nanosilica and increased with increasing filler content. The effect of nanoparticle size 
on fracture toughness was negligible. The debonding of nanosilica particles, matrix 
void growth, and matrix shear banding are credited for the increases in toughness for 
nanosilica-filled epoxy systems. The main contribution to the energy dissipated has 
been found to be from matrix shear banding. The use of Irwin’s model can explain the 
relationship between the plastic zone size and fracture toughness for nanosilica-filled 
epoxy, and a good agreement between the experimental results and model was 
observed. However, the model by plastic void growth model was found to 
overestimate the experimental results over the range of filler content.  If one considers 
that only 10% of the nanosilica particles debonded, however, the model was found to 
follow the experimental results closely.  
In Chapter 3, the effect of the addition of bimodal particle size distributions 
on the glass transition temperature (Tg), coefficient of thermal expansion (CTE), 
Young's modulus (E), yield stress, and fracture toughness (KIC) were investigated. It 
was revealed that the addition of micron-size particles to the nanocomposites 
investigated in Chapter 3 did not have a significant effect on glass transition 
temperature and the yield stress of epoxy resin. The yield stress and glass transition 
also remained constant regardless of fraction of nanoparticles. However, the results of 
this research revealed that the bimodal particle size distribution had a significant effect 
on CTE, modulus and fracture toughness. 
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The CTE values of bimodal particle systems were found to be decreased with 
the use of bimodal particle size distributions. This decrease in CTE can be attributed to 
the much lower CTE of both micro- and nanosilica fillers. By comparing to the 
systems containing a monodispersed particle size distribution, the CTE of the bimodal 
particle systems was found to be the same in the glassy state. However, in the rubbery 
state the CTEs of the bimodal particle systems were found to be higher than that of the 
unimodal particle systems. Particle debonding at interface was suggested to be 
responsible for the increased CTE. The most applicable model to predict the CTE of 
bimodal systems was found to be the Thomas model. The rule of mixture and Kerner 
model were found to overestimate the experimental data for bimodal particle systems 
containing 170 nm, 74 nm, and 23 nm nanosilica sizes. 
Another enhanced property of incorporated fillers was the Young's modulus, 
which was found to significantly increase with addition of bimodal particle size 
distribution but not by the fraction of nanoparticles. As for the unimodal systems, the 
nanoparticle size did not impact Young’s modulus. The Kerner model was found to 
provide an excellent fit with the experimental data.  
In addition to the improvements in CTE and Young’s modulus, the fracture 
toughness and fracture energy improved with the addition of bimodal particle sizes 
and were found to be consistently higher than those with only a unimodal particle size 
distribution. As for the unimodal systems, The effect of nanoparticle size on fracture 
toughness was negligible in epoxies containing a bimodal mixture of silica fillers 
However, with increasing nanoparticles content, the fracture toughness and fracture 
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energy were found to increase. The toughening mechanisms that operate in epoxy 
containing bimodal particle size involve particle debonding, matrix void growth and 
matrix shear banding. The interaction between the toughening mechanisms caused by 
micron-sized particles and nanoparticles is clearly observed. The strong interaction 
occurs where stress concentration in the matrix is caused by the presence of the 
different particles as well as the modulus and CTE mismatch between particle and 
epoxy matrix.  There is considerably more plastic energy dissipation in the multiphase 
material than in the unmodified polymer.  An increase in the number of nanoparticles 
debonded was found to be responsible for increased fracture toughness. The presence 
of micron-sized particles was clearly observed to facilitate nearly 100% of 
nanoparticles to debond from the epoxy matrix. Note that in the epoxy containing only 
nanosilica particles, solely 10% of nanoparticles were found to debond with 
subsequent void growth.  The use of Irwin’s model cannot explain the relationship 
between the plastic zone size and fracture toughness for all the bimodal systems. The 
differences in toughening mechanisms caused by the micron-sized and nano-sized 
particles are not multiplicative but additive effect. The model by Huang and Kinloch 
based on plastic void growth and shear bands was found to give a reasonable 
agreement with the experimental results for the bimodal systems containing 42 m+ 
23 nm and 42 m+ 74 nm particles, however, it was found to overestimate the 
experimental data for the bimodal systems containing of 42 m+ 170 nm bimodal 
particles.  
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These results provide the conclusion on study of fracture behavior of 
nanosilica in epoxy resin demonstrating that nanosilica particles can be successfully 
used as toughening agents in epoxy resin while maintaining or improving the initial 
properties of epoxy. The initial properties maintained include high Tg, high Young’s 
modulus and yield stress and nanosilica dramatically improve CTE, all of which are 
basic requirements of properties for good underfill used in electronic devices. Particle 
debonding with subsequent plastic void growth and matrix shear banding are the main 
toughening mechanisms of nanosilica filled epoxy polymers. The size of the particles, 
within the range of 23nm -42 μm does not significantly affect fracture toughness of 
epoxy resin but rather the toughening mechanism.  
The study of bimodal particle size distribution reveals that the interaction 
between different particle sizes facilitates the debonding of nanoparticles. The large 42 
μm particles act as stress concentrators due to the CTE and modulus mismatch with 
epoxy matrix. The stress concentration produced by these large particles enlarges the 
stress field at the crack tip, allowing the neighboring nanoparticles to debond from the 
epoxy matrix more easily. Increasing in number of debonded particles, however, does 
not increase the plastic zone size. Attempts to quantify the contributions of the 
individual toughening mechanisms to the overall fracture toughness in unimodal 
particle size distribution have been successfully demonstrated. However, in bimodal 
particle size distribution, while this dissertation has conducted research on a specific 
bimodal systems and proposed mechanisms accordingly, more research would be 
needed to more precisely quantify each toughening contribution.  
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4.2 FUTURE STUDIES  
4.2.1 Toughening mechanism/model in unimodal particle systems 
4.2.1.1 It is shown that the size of silica particles, within the range of 23nm -42 
µm does not significantly affect fracture toughness of epoxy resin but rather affects 
the toughening mechanism or the ability of particles to stop the crack propagation. 
Based on the physical limitation of the crack pinning model, the calculated size of 
crack opening displacement (COD) using Irwin analysis for the line zone ahead of the 
crack tip under plane strain condition is reported to be 4.7 µm [1]. The findings by this 
dissertation revealed that for filler particles, which are larger than the crack opening, 
for example 42 µm particle size, crack pinning and bridging is observed. However, 
when the particle sizes are much smaller than crack opening, 20-170 nm particles, the 
toughening mechanisms are shear banding and particle debonding with subsequent 
plastic void growth. In both cases, the toughening mechanisms are found to be 
completely different. There appears to be a critical particle size above which there is 
an effect on the toughening mechanism of epoxy resin. By comparison to the value of 
the COD, the particle sizes (20-170 nm and 42 µm) studied in this dissertation are 
quite far from the COD.  
Therefore, the effect of silica particles with a broader diameters range 
including the COD, for example, between 100 nm – 7 µm, would be needed to better 
understand the fundamental particle size effect on toughening mechanism of silica-
epoxy system. This proposed study would allow for determining and pinpointing the 
critical filler sizes for improved fracture toughness for epoxy-silica composites.  
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4.2.1.2 Quantifying the volume % of the voided particles in epoxy matrix is an 
important factor for model prediction. In this work, the fraction of voids is calculated 
by manually counting the number of voids present in the SEM micrographs, which 
only represents a small area of the whole fracture surface. Therefore, care should be 
taken in order to use this estimation for model prediction. To develop a universal 
method for providing a more accurate or consistent measurement of the void is critical 
and would help set the standard for all polymeric systems. One such proposed method 
is the change in the volume strain as described below. 
The presence of silica nanoparticles in epoxy matrix generates particle 
debonding which enables formation of void growth in the matrix. The creation of 
voids requires that dilation occurs within the plastic zone [2].  This dilation within the 
plastic zone can be related to the change in the volume strain measured using a tensile 
dilatometry technique [3]. Therefore, the number of voided particles can be related to 
the change in volume strain. Tensile dilatometry was originally used to study the 
deformation mechanisms of a material by analyzing the volume strain against 
elongational strain plot. The volume strain can be calculated as ΔV/Vo using the 
formula [3] 
    (1) 
where ΔV is the change in volume ,Vo is the original volume and ε1 and εt are the 
longitudinal and transverse engineering strains, respectively. Two extensometers with 
the requisite sensitivity can be used to measure the longitudinal and width strains. The 
thickness strain can be assumed to be identical to the width strain. The void volume of 
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the material should result in an increase in volume strain ΔV/Vo. This method will 
more accurately allow for quantitatively estimating the void fraction in composites.  
4.2.2. Toughening mechanism/model in bimodal particle systems 
4.2.2.1 The study of bimodal particle size distribution systems has shown that 
the interaction between different sizes of silica particles is clearly unique. Similarly 
with the unimodal filler particles, it is of great interest to look at a range of micron 
sized particles, in particular with a broader diameters range including the COD. To 
gain a fundamental understanding of the behaviors at critical sizes, a wider range of 
different particle size would be needed.   
4.2.2.2 The composition ratio of the micron particles to nanoparticles should 
also be emphasized especially in the composition ratio range of 0.25-0.5 as shown in 
Fig. 1. It is shown that the maximum improved fracture toughness is observed starting 
at composition ratio of 0.5 and reaching the maximum at 0.75.  However, within the 
range of composition ratio between 0.25 and 0.5, there is a sharp increase in the value 
of fracture energy. To better improve the accuracy of the onset of the improved 
fracture energy, one could test at smaller composition ratio increments between 0.25 
and 0.5. At these smaller increments, one could pinpoint the exact composition ratio 
needed for bimodal particle size distribution systems.  
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Figure 1. The fracture toughness (GIC) of epoxy containing bimodal particle size as a 
function of fraction of nanoparticles.  
4.2.2.3 Particle debonding with subsequent void growth has shown to be an 
important factor for toughening epoxy associated with silica nanoparticles (as 
suggested in Chapter 3). The presence of micron-sized particles has shown to facilitate 
the nanoparticles to debond in significant amount and the increased fracture toughness 
was observed. However, it is hard to conclude how much the plastic void growth 
induced by nanoparticles impact the overall increase in toughness.  It could be only an 
interaction between the two different particle sizes that gives rise to an increased 
toughness. To elucidate the role of plastic void growth mechanism on fracture 
toughness in epoxy containing only one particle size, another set of experiment is 
required. The 3PB specimen can be placed in a humidity chamber to promote particle-
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matrix debonding. It has been reported that the moisture exposure resulted in 
improved toughness and poor adhesion at the matrix-particle interface in glass bead 
filled epoxy. The same results can be expected for epoxy filled with nanosilica 
particles. The plastic void growth model can be used to predict the increase in 
toughness of filled epoxy. 
4.2.2.4 According to subsurface studies by TOM, the presence of 42 µm 
particles across the crack surface was observed which suggests that particle bridging 
can occur. However, particle bridging could not be observed for all the bimodal 
particle systems, as expected, especially at higher concentration of fillers. Due to the 
experimental limitation of the 3PB-SENB test, particle bridging is hard to detect for 
since the fracture surface of specimen grows very fast and the two plates were 
completely taken apart. With this test procedure, the evidence of debonded particles 
could be lost or altered, since TOM analysis is performed after the stress testing.  In 
order to clarify the existence of bridging particle in bimodal system, the double-
notched four-point-bend (DN-4PB) method can be employed [4]. The DN-4PB 
specimen is shown in Figure 2. This technique allows for probing a sub-fracture 
surfaces of specimen during fracture while leaving the specimen intact [4], where you 
can better follow the sub-surface fracture as the crack propagates using TOM 
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Figure 2. Schematic of the DN-4PB specimen geometry. Reproduced from reference 
[4].  
In addition, modeling can be beneficial from the observation of the bimodal 
particle size distribution. Most theoretical models, for example Kerner model (for both 
E and CTE prediction), Halpin-Tsai model, and plastic void growth model, assume 
that the systems contain particles that are well dispersed in the matrix and possess a 
narrow particle size distribution. However, during the production process of particle-
reinforced polymers, to obtain a homogenous distribution of the particles dispersed in 
the matrix is difficult, especially at nanoscale level where relatively high surface 
energy of particles usually leads to particle agglomeration. Therefore, if the results 
using bimodal particle size systems were modeled, this model could be utilized to 
predict mechanical and thermal properties for desired composite materials.  
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